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ABSTRACT 
 
            Chlorofluorocarbons (CFCs) and Hydro chlorofluorocarbons (HCFCs) based refrigerants 
have found widespread uses in home refrigerators, heat pumps, air conditions and chemical 
industries such as oxygen liquification, this is primarily due to their nontoxic, nonflammable 
nature and their high overall thermodynamic efficiency. However, (CFCs) and (HCFCs) are 
character with intermediate to high ozone depletion potential (ODP) and global warming 
potential (GWP).As a consequence they will be banned during the next two to four decades in 
accordance with Kyoto and Montreal Protocols. The search for potential substitutes is in 
progress. Potential substitutes include pure and mixtures of hydro fluorocarbons (HFCs) which 
have the potential for matching thermodynamic properties of current working fluids while 
meeting several criteria for ODP, GWP, flammability, toxicity and production cost. This research 
work is intended to make comparative study between five of the potential substitutes ( R227ea ; 
R245fa ; R600 ; R410A binary mixture ; R407C Ternary mixture ) and  three of the old 
refrigerants ( R12 ; R22 ; R114) that are used in heat pumps. The comparisons were based on 
Environmental, Safety and Thermodynamic Criterion. The software of Engineering Equation 
Solver (EES) and Reference Fluid Properties (REFPROP) were employed to simulate the heat 
pumps under wide range of operation conditions. The results revealed that all the selected newly 
refrigerants match the old ones very well in term of safety and thermodynamics, with R227ea, 
R600 and R245fa giving the highest coefficient of performance (COP) , R410A and R407C  
providing the highest heating capacity, cooling capacity , and vapor pressure . 
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 ﻣﺴﺘﺨﻠﺺ اﻟﺪراﺳﺔ
 اﻻوﺳﻊ واﻻآﺜﺮ اﺳﺘﺨﺪاﻣﺎ ﻓﻲ ﻋﺎﻟﻤﻨﺎ ﻓﻲ ﺷﺘﻲ  واﻟﻬﺎﻳﺪروآﻠﻮروﻓﻠﻮروآﺎرﺑﻮﻧﻴﺔﺗﻌﺘﺒﺮ ﻣﻮاﺋﻊ اﻟﺘﺒﺮﻳﺪ اﻟﻜﻠﻮروﻓﻠﻮرآﺎرﺑﻮﻧﻴﺔ
 وآﺬﻟﻚ ﻓﻲ اﻟﺼﻨﺎﻋﺎت اﻟﻜﻴﻤﻴﺎﺋﻴﺔ ﻋﻠﻲ  اﻟﻤﻀﺨﺎت اﻟﺤﺮارﻳﺔواﻟﻤﺠﺎﻻت ﻋﻠﻲ ﺳﺒﻴﻞ اﻟﻤﺜﺎل ﻓﻲ اﻟﻤﺒﺮدات واﺟﻬﺰة اﻟﺘﺒﺮﻳﺪ واﻟﺘﻜﻴﻴﻒ 
ﻬﺬﻩ اﻟﻤﻮاﺋﻊ ﻣﻦ ﺻﻔﺎت ﺛﻴﺮﻣﻮدﻳﻨﺎﻣﻴﻜﻴﺔ ﻣﻤﻴﺰة ﻣﺘﻤﺜﻠﺔ ﻓﻲ آﻔﺎءﺗﻬﺎ اﻟﻌﺎﻟﻴﺔ وﻋﺪم ﻗﺎﺑﻠﻴﺘﻬﺎ وذﻟﻚ ﻟﻤﺎ ﻟ ﻻآﺴﺠﻴﻦﺳﺒﻴﻞ اﻟﻤﺜﺎل اﺳﺎﻟﺔ ا
ﻣﻤﺎ ﻣﻜﻨﻬﺎ ﻣﻦ ان ﺗﻜﻮن ﻟﻬﺎ اﻻوﻟﻮﻳﺔ ﻓﻲ اﻻﺳﺘﻌﻤﺎل ﻓﻲ ﺟﻤﻴﻊ ﻣﻌﺪات واﺟﻬﺰة اﻟﺘﺒﺮﻳﺪ ، ﻟﻼﺷﺘﻌﺎل آﻤﺎ اﻧﻬﺎ ﺗﻌﺘﺒﺮ ﻏﻴﺮ ﺳﺎﻣﺔ 
ﻠﺒﻴﺌﺔ ﻣﺘﻤﺜﻠﺔ ﻓﻲ ﺗﺎﺛﻴﺮهﺎ ﻟ اﺛﺎر ﻣﺪﻣﺮة ﺋﻊﻬﺬﻩ اﻟﻤﻮاﻟﻳﺪ اﻻهﺘﻤﺎم اﻟﻌﺎﻟﻤﻲ ﺑﺎﻟﺒﻴﺌﺔ ﺑﺮزت  اﻻوﻧﺔ اﻻﺧﻴﺮة وﻣﻊ ﺗﺰا اﻻ اﻧﻪ  وﻓﻲ.اﻟﻤﺨﺘﻠﻔﺔ 
ﻟﺬﻟﻚ ﺗﻨﺎﻣﺖ اﻻﺗﺠﺎهﺎت ، اﻻﺣﺘﺒﺎس اﻟﺤﺮاريوﻣﺴﺎهﻤﺘﻬﺎ اﻟﻤﺒﺎﺷﺮة ﻓﻲ ﻇﺎهﺮة  اﺳﺘﻨﺰاﻓﻪ اﻟﻤﺒﺎﺷﺮ ﻋﻠﻲ ﻃﺒﻘﺔ اﻻوزون وزﻳﺎدة
وﻻﺗﺰال ﺣﺘﻲ ، دﻣﺔ آﻤﺎ ورد ﻓﻲ اﺗﻔﺎﻗﻴﺘﻲ آﻴﻮﺗﻮ وﻣﻮﻧﺘﺮﻳﺎلاﻟﻌﺎﻟﻤﻴﺔ ﻓﻲ ازاﺣﺔ هﺬﻩ اﻟﻤﻮاد وﻣﻨﻊ اﺳﺘﺨﺪاﻣﻬﺎ ﺑﺤﻠﻮل اﻻرﺑﻊ ﻋﻘﻮد اﻟﻘﺎ
اﻟﻤﻮاﺋﻊ اﻟﺒﺪﻳﻠﺔ ﻗﺪ ﺗﻜﻮن اﻣﺎ ﻣﻮاﺋﻊ ﺻﺎﻓﻴﺔ او ﺧﻠﻴﻄﺎ ﻣﻦ ﺑﻌﻀﻬﺎ وأهﻤﻬﺎ هﻲ . اﻻن اﻟﺠﻬﻮد ﻣﺘﻮاﺻﻠﺔ ﻟﻠﺒﺤﺚ ﻋﻦ ﺑﺪاﺋﻞ ﻟﺘﻠﻚ اﻟﻤﻮاد 
ﻘﺔ اﻻوزون وﻣﻌﺎﻣﻞ اﻻﺣﺘﺒﺎس اﻟﻤﻮاﺋﻊ اﻟﻬﺎﻳﺪروﻓﻠﻮروآﺮﺑﻮﻧﻴﺔ وذﻟﻚ ﻟﻤﻮاﻓﻘﺘﻬﺎ ﻟﻠﻤﻌﺎﻳﻴﺮ اﻟﺒﻴﺌﻴﺔ ﻣﻤﺜﻠﺔ ﻓﻲ ﻣﻌﺎﻣﻞ اﺳﺘﻨﺰاف ﻃﺒ
،  دراﺳﺔ ﻣﻘﺎرﻧﺔ وﻣﺤﺎآﺎة ﺑﺎﻟﻜﻤﺒﻴﻮﺗﺮ هﺬا اﻟﺒﺤﺚ   ﺗﻀﻤﻦ .اﻟﺤﺮاري ﺑﺎﻻﺿﺎﻓﺔ ﻟﻤﻮاﻓﻘﺘﻬﺎ ﻟﻤﺘﻄﻠﺒﺎت اﻟﺴﻼﻣﺔ  وﺗﻜﺎﻟﻴﻒ اﻟﺘﺼﻨﻴﻊ
 C704R  و  ﺧﻠﻴﻂ ﺛﻨﺎﺋﻲ A014R   وaf542R  و ae722Rو 006R   ﺑﻴﻦ ﺧﻤﺲ ﻣﻮاﺋﻊ ﺗﺒﺮﻳﺪ ﺟﺪﻳﺪة ﺻﺪﻳﻘﺔ ﻟﻠﺒﻴﺌﻪ هﻰوذﻟﻚ 
  اﻟﻤﻀﺤﺎت اﻟﻤﻮاﺋﻊ اﻟﺘﻲ ﺗﺴﺘﻌﻤﻞ ﻓﻲ اﻧﻈﻤﺔ وهﻲ ذات 411R و 22R و 21R هﻲ ﺛﻼﺛﺔ ﻣﻮاﺋﻊ ﺗﺒﺮﻳﺪ ﻗﺪﻳﻤﺔو   ﺧﻠﻴﻂ ﺛﻼﺛﻲ
اﻟﻤﻌﻴﺎر   هﻮ  واﻟﺜﺎﻧﻲﻲﺌاﻟﻤﻌﻴﺎر اﻟﺒﻴاﻻول هﻮ ، ﺔ اﻟﻤﻘﺎرﻧﺔ ﻋﻠﻲ ﻣﻌﻴﺎرﻳﻦ اﺳﺎﺳﻴﻴﻦﻋﺘﻤﺪت دراﺳا. اﻟﺤﺮارﻳﺔ ﺣﺘﻲ اﻻن
وذﻟﻚ ﻟﻤﺤﺎآﺎة PORPFER و  SEE  اﺳﺘﺨﺪم ﺑﺮﻧﺎﻣﺠﻲﺑﺮاﻣﺞ هﻨﺪﺳﻴﺔ دﻗﻴﻘﺔ وﻣﺘﻄﻮرة ﺣﻴﺚ ﺗﻢ اﺳﺘﺨﺪام .  اﻟﺜﻴﺮﻣﻮدﻳﻨﺎﻣﻴﻜﻲ
 اﻟﻤﻘﺘﺮﺣﺔ  اﻟﻤﻮاﺋﻊ اﻟﺠﺪﻳﺪةان ﺟﻤﻴﻊ أﺷﺎرت اﻟﻨﺘﺎﺋﺞ اﻟﻤﺘﺤﺼﻞ ﻋﻠﻴﻬﺎ اﻟﻲ . اﻧﻈﻤﺔ اﻟﻤﻀﺨﺎت اﻟﺤﺮارﻳﺔ ﺗﺤﺖ ﻇﺮوف ﺗﺸﻐﻴﻞ ﻣﺘﻌﺪدة 
ﻼﻣﺔ  ﺣﻴﺚ ﺗﻤﻴﺰ  آﻞ ﻗﺪ اﺛﺒﺘﺖ ﺗﻤﻴﺰهﺎ و ﻗﺪرﺗﻬﺎ ﻋﻠﻲ ازاﺣﺔ ﺗﻠﻚ اﻟﻤﻮاﺋﻊ اﻟﻘﺪﻳﻤﺔ ﻣﻦ ﺣﻴﺚ اﻟﻤﻌﺎﻳﻴﺮ اﻟﺜﻴﺮﻣﻮدﻳﻨﺎﻣﻴﻜﻴﺔ وﻣﺘﻄﻠﺒﺎت اﻟﺴ
     و A014R )إﺿﺎﻓﺔ ﻟﻠﺨﻠﻴﻂ اﻟﺜﻨﺎﺋــــــﻲ واﻟﺜﻼﺛــــــﻲ . ا   ﺑﻤﻌﺎﻣﻞ أداء ﻋﺎﻟﻲ ﺟﺪ ae722R,af542R,006Rﻣﻦ   
  .  واﻟﻠﺬان اﻇﻬﺮا ﻗﺪرة ﺗﺪﻓﺌﺔ وﺗﺒﺮﻳﺪ ﻋﺎﻟﻴﺘﻴﻦ وﺿﻐﻂ ﺑﺨﺎري ﻋﺎﻟﻲC704R(
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    CHAPTER ONE 
1.   INTRODUCTION 
 
1.1 Background 
Over the last 25 years, the worldwide phase-out of chlorofluorocarbons (CFCs) and 
hydrofluorochlorocarbons (HCFCs) has led to active researches and development programs by 
the manufacturers, universities, and governments with the aim to identify and develop new fluids 
and equipment. The most commonly pursued short-term solution is to retrofit CFC  applications 
with appropriate HCFCs and hydrofluorocarbons (HFCs).Longer-term solutions include 
replacing CFC and HCFC applications with appropriate HFCs or "natural" (e.g., water, air, 
ammonia, carbon dioxide, hydrocarbon) refrigerants or to develop new equipment and cycles. 
The Twin Environmental concerns of ozone depletion and global warming are the principal 
driving forces behind these changes. While the Montreal Protocol and its amendments have 
addressed the ozone depletion problem, more initiatives (The Kyoto Protocol) are attempting to 
address the global warming problem. As a response, the industry has developed measures that 
account not only for a refrigerant's direct contribution but also a refrigerant's indirect 
contribution to global warming. The total equivalent warming impact (TEWI) is one such 
measure that accounts for a refrigerant's direct contribution through leakage of the refrigerant 
into the atmosphere and its indirect effect related to the amount of carbon dioxide generated from 
burning fossil fuels to power the refrigeration system. Another similar measure is the life-cycle 
climate performance (LCCP), which, in addition to including the effects captured by TEWI, also 
attempts to account for other indirect effects related to the manufacturing, transporting, 
recycling, etc., of the refrigerant. 
 
Due to growing environmental awareness and resulting concerns mentioned above, the working 
fluids for refrigeration systems, heat pumps and air conditioners have gained considerable 
attention. Well-known, proven fluids were banned and replaced with new ones. In this research 
new refrigerant fluids were introduced to achieve acceptable properties reasonably well-
matched to those of the fluids to be replaced. 
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Even though CFCs are scheduled for phase-out, many will still be used for some time. For  
example, R-11, R-12, R-113, and R-114 are presently used in industrial processes operating 
under high ambient conditions and in high-temperature heat pumps, with R-114 being the most 
widely used refrigerant in these applications. However, as this equipment is being considered for 
replacement or for new applications, alternative heating technologies are being considered since 
no known and viable non-CFC retrofit refrigerants are available. Moreover, with the recent 
increase in primary energy costs and expected price pressures for primary energy persisting into 
the near future, it is anticipated that there will be a renewed interest in high-temperature heat 
pumps for many possible applications. Therefore, a strong need exists to identify and develop 
new refrigerants and technologies to allow for the continued application and expanded use of 
high-temperature heat pumps despite the scheduled phase-out of CFC refrigerants. 
 
The Scope of this research, however, is somewhat more limited than finding direct replacements 
for these CFC refrigerants. In particular, what is addressed is this question: What should be the 
most appropriate replacement refrigerants for R22, R12 and R-114 in vapor compression heat 
pump systems. 
 
1.2 Refrigerants Requirements 
A refrigerant in vapor compression heat pump systems must satisfy some requirements. These 
requirements can be divided into two groups: 
(1)  On the one hand the refrigerant should not cause any risk of injuries, fire or property 
damage in case of leakage. 
(2)  On the other hand, thermodynamic properties of the refrigerant must be appropriate for the 
system and the working conditions at a reasonable cost. 
The ideal properties for a refrigerant are: 
* Good heat transfer properties. 
* High latent heat. 
* Appropriate vapor pressures for the operating temperature. 
* Chemical stability. 
* Low toxicity. 
* Low fire risk. 
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Other requirements that a refrigerant should fulfill are: 
* Environmentally friendly. 
* Satisfactory oil solubility/miscibility. 
* Easy leak detection. 
*Low cost. 
The most important thing is that the refrigerant must have chemical stability within the heat 
pump system. Nevertheless, when the refrigerant is emitted to the atmosphere, it should not be 
so stable and  thus decompose easily without the formation of any harmful substances. 
Obtaining thermo-physical properties of refrigerant fluids is always problematic. This is because 
most of thermo-physical properties require PVT relations, which come from experiments. 
Performing experiments to attain thermo- physical data is not only time-consuming but also 
costly. 
Moreover, it is difficult to replicate all the conditions of actual industrial conditions in a 
laboratory environment. Thus, predictive simulation models for thermo physical properties are 
undeniably an engineering necessity. 
 
1.3   Research Objectives 
The aim of this research has two dimensions. On the one hand there is a theoretical aim and on 
the other hand there is a practical aim. The theoretical aim consists in the study of the heat 
pump systems to learn and understand how they work, and then have enough knowledge to face 
the practical aim. The practical aim is the main objective of this research consists of the 
analysis and making a comparative study of the use of new environmentally benign refrigerant 
fluids; that satisfy the Thermodynamic and Environmental criterions for vapor compression 
heat pump cycles to phase-out R22, R114 and R12. 
In order to do that, a number of books, articles and websites have been cited; as well as advanced 
Engineering software Programs: 
(1)  EES    (Engineering Equation Solver, version 8.158. 
(2) REFPROP (Reference Fluids Thermodynamics and Transport Properties Data Base, 
(NIST) version 7. 
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1.4 Thesis outline 
Chapter 2 is a literature review on the refrigerant pure fluids and mixtures. The chapter 
reviews the studies about the available Literature survey to find new environmentally 
acceptable alternative refrigerant fluids for heat pumps. Furthermore a brief historical 
background of the vapor compression refrigerant fluids is included. The international efforts 
and agreements about using the refrigerant fluids are also mentioned together with the old 
refrigerants and refrigerant mixtures properties finally the theoretical dimension part in this 
research including the fundamentals of the heat pump systems. 
 
Chapter 3 describes the materials, methods and procedure used for the comparison study. In 
the first section, the heat pumps working procedure is described. This is followed by a brief 
description of EOS and its components for refrigerant fluids, the software (EES &REFPROP) 
are presented with their data bases. 
Chapter 4  Presents results and discussion using a rigorous comparative study including wide 
range of effective models used: the environmental models &the thermodynamic models for 
comparison using different parameters such as Coefficient of Performance, Critical 
Temperature, , Molecular Weight ,Power Consumption, Relative Cost, Vapor Pressure, 
Evaporator Temperature, Heating Capacity, Cooling Capacity, ODP,GWP, toxicity and 
flammability by using the new fluids. 
 
Chapter 5   Summarizes the results, presents conclusions and suggestions for the future work. 
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CHAPTER    TWO 
2.  LITERATURE REVIEW 
Refrigerants are divided into groups according to their chemical compositions. After the 
discovery, some of these chemical compounds may be harmful to the environment; they are 
being replaced with more environmentally friendly refrigerants alternatives. 
 
Table 2.1 summarizes the historic introduction of refrigerants. The years given serve only as 
guidelines, since the period from the introduction of a new fluid to its generally accepted use 
always spans a number of years. Table 2.1 summarizes early refrigerants, namely those predating 
fluorinated chemicals and state-of-the-art fluorochemicals that are under consideration today. 
 
The first century of refrigerant use was dominated by innovative efforts with familiar fluids. The 
goals were to provide refrigeration and, later, to improve machine durability. Use of blends was 
attempted where single-compound solutions could not be found . After World War I, attention 
turned to safety and performance as well. Carrier and Waterfill initiated one of the first 
documented systematic searches. They investigated a range of candidate refrigerants for 
suitability for both positive displacement and centrifugal compression machines. These analyses 
closely examined ammonia, ethyl ether, carbon dioxide, carbon tetrachloride, sulfur dioxide and 
water. They finally selected dielene (1,2-dichloroethene, R1130) for the first centrifugal 
machine, though an international search was needed to find a source for it . 
 
The discovery of fluorinated refrigerants began with Thomas Midgley in 1928. Midgley and his 
associates, Albert and Robert, scoured property tables to find chemicals with the desired boiling 
point. They restricted the search to those known to be stable but not toxic or flammable. They 
eventually used organic fluorides. While fluorine was known to be toxic by itself, Midgley and 
his collaborators felt that compounds containing it could be nontoxic. 
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                          Table 2.1 Introduction of Refrigerants (Radermacher, 2005) 
Year Refrigerant Formula 
1830s Caoutchoucine Distillate of india rubber, 
CH3–CH2–O–CH2–CH3 
 
1840s Methyl ether (RE170) CH3–O–CH3 
 
1850 Water/sulfuric acid H20/H2SO4 
 
1856 Ethyl alcohol CH3–CH2-OH 
 
1859 Ammonia/water NH3/H2O 
 
1866 Carbon dioxide CO2 
1875 Sulfur dioxide (R764) SO2 
 
1878 Methyl chloride (R40) CH3CL 
 
1880s Ethyl chloride (R160) CH3–CH2CL 
 
1891 Blends of sulfuric acid with 
hydrocarbons 
H2SO4, C4H10, C5H12, (CH3)2CH–CH3 
 
1900s Ethyl bromide (R160B1) CH3–CH2Br 
 
1920s Isobutane (R600a) 
Butane     (R600) 
C4H10 
C4H10 
1922 Dielene (R1130a) 
 
CHCl_CHCL 
 
1923 Gasoline Hydrocarbons 
1925 Trielene (R1120) CHCl_CCL2 
 
1926 Methylene chloride (R30) CH2Cl2 
 
1931 R12 CF2CL2 
1932 R11 CFCl3 
 
1960s R22 CF2CLH 
 
1980s R123 CF3CCl2H 
 
1980s R124 CF3CFCLH 
 
1980s R125 CF3CF2H 
 
1990s R134a CF3CFH2 
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2.1 Refrigerant Classification 
 (2.1.1)   CFC = ChloroFluoroCarbons 
Cholorofluorocarbons are refrigerants that contain chlorine. The CFCs are covered by the  
Montreal Protocol on Substances that Deplete the Ozone Layer. They have been banned since 
the beginning of the 90’s because of their negative environmental impacts. 
Examples of CFCs are:     
                                  Table 2.1.1 CFC Environmental Impacts (IPCC third report, 2003) 
   Name                                                                              GWP                                                       ODP 
R11 Trichlorofluoromethane CCl3 F                             6,730                                                            1.0 
R12 Dichlorodifluoromethane CCl2 F2                                          11,000                                                           1.0 
R115 Chloropentafluoroethane  CClF2 CF3                              5,310                                                           0.6 
 
(2.1.2)   HCFC = HydroChloroFluoroCarbons  
 Hydrochlorofluorocarbons contain also chlorine therefore contribute also to the ozone layer 
depletion. But they contain less chorine than CFCs, which means lower ODP. HCFCs were 
indicated as temporary in the Montreal Protocol (phase-out by 2004 until 2020, permitted for 
maintenance purposes until 2030 in the developed countries). But phase-out of the HCFCs has 
been accelerated by the European Union. 
Examples of HCFCs are: 
 
 
 
                                                                   Continue to Table 2.1: 
1990s R407C R32/R125/R134a 23/25/52 wt.% 
1990s R410A R32/R125 50/50 wt.% 
1990s R404A R125/R143a/R134a 44/52/4 wt.% 
1990s R227ea CF3-CHF-CF3 
1990s R245fa C3H3F5 
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                               Table 2.1.2 HCFC Environmental Impacts (IPCC third report, 2003) 
   Name GWP                ODP 
R22     Chlorodifluoromethane  CHClF2 5,160             0.60 
R123   Dichlorodifluoromethane CHCl2 CF3 273             0.000 
R124       CHClFCF3 2,070            0.022 
(2.1.3)   HFC = HydroFluorocarbons 
The hydrofluorocarbons are refrigerants that contain no chlorine and are not harmful to the ozone 
layer (ODP=0). However, their impact on global warming is very large compared with 
traditional refrigerants. 
                                  Table 2.1.3 HFC Environmental Impacts (IPCC third report, 2003) 
   Name  GWP ODP 
R23 Trifluoromethane  CHF3 12000 0 
R32 Difluoromethane  CH2 F2 2330 0 
R125  CHF2 CF3 6350 0 
R134a Tetrafluoroethane  CH2 FCF3 3830 0 
R152a Difluoroethane   CH2 CHF2 437 0 
                                     And some blends of HFCs are: R404A, R407C and R410A. 
(2.1.4)   FC = Fluorocarbons 
Fluorocarbons contain no chlorine and are not harmful to the ozone layer. However, they are 
extremely stable, and they have a high GWP, for example R218 Octofluoropropane  C3F8  has 
GWP of 6310 and  zero ODP . 
(2.1.5)   HC = Hydrocarbons 
Hydrocarbons are a very limited solution to the environmental problems associated with 
refrigerants. They are harmless to the ozone layer (ODP=0) and have hardly any direct green 
house effect (GWP<5), but they are highly flammable. The use of HCs as refrigerant is confined 
to Europe, because many other countries elsewhere have banned the use of flammable gas in the 
presence of the public. Some examples of HCs are: R600a, isobutene (C4H8), R290, Propane  
(C3H8 ). 
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(2.1.6)   Natural Refrigerants 
(a) NH3 = Ammonia 
Ammonia, R717, is an attractive refrigerant alternative. It has been used in refrigeration systems 
since 1840 and in vapor compression since 1860. In terms of its properties it should be 
considered a high class refrigerant. Furthermore, its ODP and GWP are 0. However ammonia is 
very hazardous even at low concentrations because the smell often causes panic. 
(b)   CO2 = Carbon Dioxide 
R744, carbon dioxide, has several attractive characteristics: non-flammable does not cause ozone 
depletion, very low toxicity index, available in large quantities, and low cost. However, it also 
has a low efficiency and a high operating pressure. For the two latter reasons, efforts are needed 
to improve its refrigeration cycle and related technology, particularly heat exchangers and 
expansion devices. 
                                     Figure 2.1 Refrigerant Classification (Khalifa ,2003) 
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2.2 Thermo-physical Properties of Refrigerants 
  Table 2.2A  Physical properties of some common refrigerants (IPCC Third Report,2001) 
                Critical Point 
Refrigerant 
 Name 
Molecular 
Mass 
Boiling 
point 
at  1 bar abs
(oF) 
Freezing 
Point 
at 1 bar abs
(oF) Temperature 
(oF) 
Pressure 
(psia) 
Specific 
Volume 
(Ft3/lb) 
R-11 Trichlorofluoromethane 137.37 74.9 -168 388 640 0.0289 
R-12 Dichlorodifluoromethane 120.91 -21.8 -252 234 597 0.0287 
R-13 Chlorotrifluoromethane 104.46 -114.6 -294 84 561 0.0277 
R-13B1 Bromotrifluoromethane 148.91 -72 -270 153 575 0.0215 
R-14 
Tetrafluoromethane (Carbon 
tetrafluoride) 88.00 
-198.2 -299 -50 543 0.0256 
R-21 Dichloro-fluoromethane 102.92 48.1 -211 N/A   N/A  N/A   
R-22 Chlorodifluoromethane 86.468 -41.3 -256 205 722 0.0305 
R-40 
Chloromethane (Methyl 
Chloride) 50.488 -10.7 -144 290 969 0.0454 
R-50 Methane  16.044 -259 -296.6 N/A    N/A  N/A   
R-113 Trichlorotrifluoroethane 187.39 118 -31 417 499 0.0278 
R-114 
1,2-dichloro-1,1,2,2-
tetrafluoroethane 170.92 
38.4 -137 294 473 0.0275 
R-115 Chloropentafluoroethane 154.47 -38.0 -149 176 458 0.0261 
R-123 Dichlorotrifluoroethane 152.93 82 -161 363 533 N/A  
R-134a Tetrafluoroethane 102.03 -15 -142 214 590 0.0290 
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                                                      Continue to table 2.2A  
            Critical Point 
Refrigerant 
 Name 
Molecular 
Mass 
Boiling 
point 
at  1 bar abs
(oF 
Freezing 
Point 
at 1 bar abs
(oF) Temperature 
(oF) 
Pressure 
(psia) 
Specific 
Volume 
(Ft3/lb) 
R-160 Ethyl Chloride 64.515 12.2 -218 N/A   N/A    N/A  
R-170 Ethane 30.070 -127 -278 90 710 0.0830 
R-290 Propane 44.097 -44 -309.8 206 617 0.0728 
RC-318 Octafluorocyclobutane 200.04 22 -43 240 404 0.0258 
R-410A 
R-32 Difluoromethane (50% 
weight), R-125 
Pentafluoroethane (50% 
weight) 
72.6 -55.4  N/A  162 690 N/A   
R-500 
Dichlorodifluoromethane/ 
Difluoroethane 99.31 
-28 -254 222 642 0.0323 
R-502 
Chlorodifluoromethane/ 
Chloropentafluoroethane 111.63 
-50 N/A  180 591 0.0286 
R-503 
Chlorotrifluoromethane/ 
Trifluoromethane 87.50 -128 N/A  67 607 0.0326 
R-600 n-Butane 58.12 31.2 -217 306 551 0.0702 
R-600a Isobutane (2-Methyl propane) 58.12 10.8 -229 275 529 0.0725 
R-611 Methyl formate 60.05 89 -146 417 870 0.0459 
R-717 Ammonia 17.02 -28 -107.9 271 1657 0.0680 
R-720 Neon 20.179 -410.9 -415.6 N/A   N/A   N/A   
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                    Table 2.2B   Refrigerants at different pressure conditions : 
                                   Refrigerants 
R11 Trichlorofluoromethane 
R13 Chlorotrifluoromethane 
R113 Trichlorotrifluoroethane 
Low Pressure 
R123 Dichlorotrifluoroethane 
Medium Pressure R114 1,2-dichloro-1,1,2,2-tetrafluoroethane 
R12 Dichlorodifluoromethane 
R22 Chlorodifluoromethane 
R134a Tetrafluoroethane 
R410A Difluoromethane/Pentafluoroethane  
R500 Dichlorodifluoromethane/ Difluoroethane 
High Pressure 
R502 Chlorodifluoromethane/ Chloropentafluoroethane 
2.2.1  Zeotropes 
For a zeotropic mixture (also known as a non-azeotropic mixture), the concentrations of the 
liquid and the vapor phase are never equal. This creates a temperature glide during phase change 
(at which point the concentrations of the vapor and the liquid are continually changing). 
Zeotropic mixtures are the most common type of refrigerant blend. Figure 2.2.1.1 shows at no 
point the bubble and dew point lines meet (except, of course, where there is pure refrigerant). 
When the mixture is cooled, liquid begins to form at the dew point temperature, but this is not 
completed until the bubble point temperature.  
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This difference between the dew and bubble temperatures is known as a temperature glide. The 
smaller the temperature glide, the less loss of heat transfer due to concentration differences. 
Generally, zeotropic mixtures are not ideally suited to be placed in existing equipment, but can 
bring performance improvements when used with modified systems. Because of the varying 
liquid and vapor compositions, systems employing zeotropic refrigerant mixtures must be liquid 
charged. Doing otherwise could change the mixture's composition, which could result in 
decreased performance and increased safety risks over time.  
Another feature common to zeotropic mixtures is a nonlinear temperature versus enthalpy 
profile. A single-component or azeotropic refrigerant will have a linear temperature profile, as in 
(Figure 2.2.1.2)  but a zeotropic mixture's profile can be strikingly nonlinear, Figure (2.2.1.3) 
This sort of temperature-enthalpy behavior results in a varying specific heat and raises the 
possibility of a temperature pinch within a heat exchanger, both of which complicate traditional 
heat exchanger calculations.  
 
                         Figure 2.2.1.1 Zeotropic Mixture of Refrigerant Fluids  
 
Chapter Two                                                                                                                        Literature Review 
14 
 
 
                   Figure 2.2.1.2 Temperature vs. Enthalpy, (Pure Refrigerant Fluid) 
 
 
 
                      Figure 2.2.1.3 Temperature vs. Enthalpy, (Zeotropic Fluids Mixture) 
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2.2 2  Near – Azeotropes 
 
                                           Figure 2.2.2.1 Near- Azeotropic Mixture 
For a near-azeotropic mixture, the vapor and liquid concentrations at a given temperature and 
pressure differ only slightly. Most azeotropic refrigerant mixtures become near-azeotropic when 
the pressure or temperature is varied from the azeotrope point. R-410A (which is also known as 
AZ-20) is a near-azeotropic mixture of R-32 and R-125 (fifty-fifty mass percent). For standard 
condenser pressures and temperatures, the bubble and dew points for this concentration vary by 
less than 0.1 ° C (Figure 2.2.2.1). Although it appears that this variation could be reduced even 
further by increasing the concentration of R-125, this is actually undesirable. For example, R-
410A was developed to serve as a replacement for HCFC-22, and changing its composition 
reduces its suitability for that role while also increasing its flammability and toxicity. Near-
azeotropic mixtures usually work fairly well with existing equipment.  
2.2.3  Azeotropes 
An azeotrope is defined as a point at which the concentration of the liquid and the vapor phase is 
the same for a given temperature and pressure. Some mixtures have more than one azeotrope at a 
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fixed pressure or temperature, but this is uncommon. At an azeotrope, a mixture behaves like a 
single-constituent system. Almost all azeotropic refrigerants have a boiling point lower than 
either of the constituents (which is known as a minimum temperature or maximum pressure 
azeotrope). An exception to this is R-507, which is a fifty-fifty weight percent blend of R-125 
and R-143a, and is proposed as a replacement for R-502. A plot of temperature versus 
composition for a mixture of R-125 and R-143a can be found in Figure 2.2.3 while an azeotropic 
mixture may appear to be an obvious replacement for a pure refrigerant, there is no azeotropic 
mixture replacement for R-22, one of the most popular of the HCFCs, which duplicates its 
cooling capacity and pressures. Azeotropic refrigerant mixtures are uncommon, and it appears 
unlikely that new azeotropes will be found. 
                         
 
                                        Figure 2.2.3 Mixture with an  Azeotrope  At  41.18% R-125 
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2.3   International Efforts and Agreements (Montreal and Kyoto Protocols) 
Concern over the potential environmental impacts of ozone depletion led to the development of 
an international agreement, the Montreal Protocol, to reduce the production of ozone-depleting 
substances such as CFCs, hydro chlorofluorocarbons (HCFCs) and halons. After the Montreal 
Protocol was signed in 1987, the regulation was extended in a follow-up conference. At the 
fourth meeting of the parties to the Montreal Protocol in November 1992, new controls were 
required to phase out CFCs by the end of 1995 and HCFCs by 2030. 
 
 Now the regulation of HCFCs is being tightened with a faster schedule and some countries 
already have more severe regulation plans. In the United States, the phase-out of R22 in new 
machinery is set for the year 2010 (Allied Signal Chemicals, 1999) and in Germany it was set for 
January 1, 2000 . 
 
In 1997, the Parties to the United Nations Framework Convention on Climate Change agreed to 
an historic Kyoto Protocol to reduce greenhouse gas emissions and set emission reduction targets 
for developed nations: 8% below 1990 emissions levels for the European Union, 7% for the 
United States and 6% for Japan. Emission reduction targets include hydrofluorocarbons (HFCs) 
that are some of the alternative refrigerants introduced as a response to ozone depletion. 
 
The Montreal Protocol and Kyoto Protocol forced the climate control industry to change 
refrigerants. In the U.S., the Clean Air Act Amendments of 1990 based on  the Montreal Protocol 
forced the climate control industry to change its use of CFCs to HFCs. However, the European 
Union encourages the use of natural refrigerants such as hydrocarbons and carbon dioxide. 
Therefore, the search for the alternative refrigerants is still wide open but has to be completed in 
a limited time to satisfy these two protocols. 
 
2.4  Environmental  impacts of  refrigerants 
In addition to being toxic or explosive and therefore dangerous to people’s health, there are other 
problems associated with refrigerants. Environmental aspects are increasingly being taken into 
consideration. Refrigerants can thus also be ranked according to their impact on the stratospheric 
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ozone layer (the Ozone Depletion Potential, ODP) or as greenhouses gases (the Global Warming 
Potential, GWP). 
2.4.1   Impact  of  Ozone  Depletion  Potential  (ODP) 
The ODP factor is used to reflect the refrigerants impact on the ozone layer. ODP is the ratio of 
the impact on ozone of a chemical compared with the impact of a similar mass of R11. Thus, the 
ODP of R11 is 1.0 by definition. Refrigerants containing chlorine or bromine contribute to the 
breakdown of the ozone layer.  
  The reaction is as follows: 
 
However, the ClO molecule is unstable. It breaks down and reacts with the ozone molecules 
repeatedly until a more stable compound is created. Some examples of ODP are: R12 has an 
ODP of 1.0, R22 has a ODP of 0.6 and R134a has a ODP of 0.0. 
Stratospheric ozone depletion and global warming threaten to become the dominant 
environmental issues. Chlorofluorocarbons (CFCs) and other ozone-depleting substances that 
leak from refrigeration and air-conditioning equipment migrate to the stratosphere and deplete 
the ozone layer. Current ozone depletion at mid-latitudes is estimated at approximately 5%. 
Ozone depletion harms living creatures on Earth, increases the incidence of skin cancer and 
cataracts and poses risks to the human immune system. A sustained 1% decrease in stratospheric 
ozone will result in approximately a 2% increase in the incidence of fatal non-melanoma skin 
cancer based on a United Nations Environment Program study. The U.S. Environmental 
Protection Agency (EPA) expects 295 million fewer cases of non-melanoma skin cancer over the 
next century with a successful phase-out of CFCs. 
 
2.4.2  Impact of Global Warming Potential (GWP)  
The GWP is used to reflect the refrigerants impact on the global warming. The GWP is the ratio 
of the warming caused by a substance to the warming caused by a similar mass of carbon 
dioxide. Therefore, the GWP of CO2 is 1.0 by definition. 
 
Some examples of GWP are: R12 has a GWP of 11,000, water has a GWP of 0, R22 has a GWP 
of 5,310 and R134a has a GWP of 3,830. 
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The anthropogenic use of energy has been adding gases to the atmosphere that trap heat radiation 
and warm the  earth, known as “greenhouse gases.” In 1995, the Intergovernmental Panel on 
Climate Change (IPCC) reported that the biosphere has already warmed about 0.6°C over the 
last century and the temperature will increase another 1.1 to 3.6°C in the next century due to a 
discernible human influence on a global climate. The temperature rise of this magnitude will 
change local and global climates, temperatures and precipitation patterns, induce a sea level rise 
and alter the distribution of fresh water supplies. The impact on our health by global warming is 
likely to be significant. 
There are two types of global warming contributions through refrigeration and air-conditioning 
systems. The first one is the direct global warming potential (DGWP) due to the emission of 
refrigerants and their interaction with heat radiation. The second is the indirect global warming 
potential (IDGWP) due to the emission of CO2 by consuming the energy that is generated 
through the combustion of fossil fuels.  
The combined effect of these two global warming contributions is called the total equivalent 
warming impact (TEWI). 
Indirect emissions from refrigeration systems are estimated to represent 3% of 1990 GW 
emissions. It is important to understand the relative magnitude of the direct versus the indirect 
impact. Figure 2.4.2 shows the relative 1990 contributions from three distinct types of 
refrigeration appliance.  
 
 
          Figure 2.4.2 TEWI Comparison for 3 Refrigeration Applications, 1990(IPCC Report ,2001) 
     Domestic Refrigerator Commercial Air Conditioning Car Air Conditioning 
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2.4.3 Mechanisms for Reducing Global Warming Impact 
There are a number of ways in which the GW impact of refrigeration systems can be reduced. 
These give the opportunity for refrigeration users to make the largest single improvement to GW 
emissions of any end use sector.  
Rather than wasting effort attacking the use of HFC refrigerants, one should encourage the 
refrigeration industry to make the far greater gains possible by applying a more ‘holistic’ 
approach.  Tackling the following areas will lead to major improvements:- 
• Reduction in Leakage. Historical FC leakage levels are unacceptably high in many application 
areas. There is potential to reduce current average leakage rates by at least 30% - 40%.  
• Reduction in System Charge. Using systems with much lower refrigerant charge can lead to 
further emission reductions. By using secondary refrigerant systems in appropriate applications 
charge can be reduced by up to 90%. 
• Energy Efficiency Improvements. Levels of efficiency in 1990s were relatively low. Savings of 
at least 25% can be cost effectively achieved. 
• Reduction in Fluorocarbon GWP. The average GWP of HFCs being used to replace CFCs is 
much lower (e.g HFC 134a has a GWP of 1300 compared to the fluid it replaces, CFC 12 with a 
GWP of 8100). 
• Reduction in Use of FCs. There are options to use ammonia, HCs and to eliminate refrigeration 
altogether. These should be adopted wherever it is appropriate. 
The global warming potential (GWP) depends on both the efficiency of the molecule as a 
greenhouse gas and its atmospheric lifetime Thus, if a molecule has a high GWP on a short time 
scale (say 20 years) but has only a short lifetime, it will have a large GWP on a 20 year scale but 
a small one on a 100 year scale. Conversely, if a molecule has a longer atmospheric lifetime than 
CO2 its GWP will increase with time. 
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  Table 2.4.3 Global Warming Potential &Time Horizon for some Refrigerants [climate change report, 2003]       
Species  Chemical formula  Lifetime (years)  Global Warming Potential (Time horizon)  
         20 years  100 years  500 years  
CO2  CO2  - 1  1  1  
Methane  CH4  15  56  21  6.5  
Nitrous oxide  N2O  120  280  310  170  
                  
HFC-23  CHF3  264  9100  11700  9800  
HFC-32  CH2F2  5.6  2100  650  200  
HFC-41  CH3F  3.7  490  150  45  
HFC-43-10mee  C5H2F10  17.1  3000  1300  400  
HFC-125  C2HF5  32.6  4600  2800  920  
HFC-134  C2H2F4  10.6  2900  1000  310  
HFC-134a  CH2FCF3  14.6  3400  1300  420  
HFC-152a  C2H4F2  1.5  460  140  42  
HFC-143  C2H3F3  3.8  1000  300  94  
HFC-143a  C2H3F3  48.3  5000  3800  1400  
HFC-227ea  C3HF7  36.5  4300  2900  950  
HFC-236fa  C3H2F6  209  5100  6300  4700  
HFC-245ca  C3H3F5  6.6  1800  560  170  
Sulphur hexafluoride  SF6  3200  16300  23900  34900  
Perfluoromethane  CF4  50000  4400  6500  10000  
Perfluoroethane  C2F6  10000  6200  9200  14000  
Perfluoropropane  C3F8  2600  4800  7000  10100  
Perfluorobutane  C4F10  2600  4800  7000  10100  
Perfluorocyclobutane  c-C4F8  3200  6000  8700  12700  
Perfluoropentane  C5F12  4100  5100  7500  11000  
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2.5   Heat Pump Refrigerants 
(2.5.1)  CFCs, HCFCs and HFCs 
Traditionally the Vapor Compression Heat Pumps  Systems have been using the next refrigerants 
as working fluids: 
(1)  CFC    R12 for low and medium temperature (max. 80ºC). 
(2)  CFC    R114 for high temperature (max. 120ºC). 
(3)  HCFC R22 for low temperature    (max.  55º C). 
 
But as it has been mentioned, these refrigerants are CFCs and HCFCs and they are harmful to the 
global environment. Therefore it is not allowed to use them anymore in heat pump systems. 
The CFCs were phased-out in the developed countries by 1996 and in the developing countries 
by 2010. 
The HCFCs are being phase-out in the developed countries. The schedule of the phase out started 
on 2004 and will finish on 2020. Although they will be permitted for maintenance purposes until 
2030. In the developing countries they are allowed, but their use will be frozen by 2016 at 2015 
levels and phased out by 2040. 
However the European Union wants to accelerate the phase-out schedule. And also some 
countries have taken more restrictive phase out schedules. 
Nowadays ,the most common refrigerants in Vapor Compression Heat pump Systems are the 
HFCs. They can be considered long-term alternative refrigerants since they are chlorine free and 
therefore they do not contribute to ozone depletion. Some examples of HFCs are R134a, R152a, 
R32, R125 and R143a. 
 
(2.5.2)   Blends 
A blend consists of two or more pure refrigerants’ mixture, and can be zoetropic, azeotropic or 
near-azeotropic.  Azeotropic mixtures evaporate and condensate at a constant temperature, the 
others over a certain temperature range (temperature glide). 
In Vapor Compression Heat Pump Systems some types of blends have been used. Early 
blends were used for replace CFCs refrigerants, in concrete for replace R12.These blends 
contained HCFC R22 and other HCFCs or HFCs refrigerants . 
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A new generation of blends is used nowadays to replace HCFCs. This new blends are chlorine 
free and are mainly made from HFCs and hydrocarbons.Some of these blends are for example:  
R407C   (23% HFC R32, 25% HFC R125, 52% HFC R134a) and R410A (50% HFC R32, 50% 
HFC R125). 
 
(2.5.3)  Natural refrigerants 
On the one hand the natural refrigerants are generally much more environmentally friendly than 
other types of refrigerants. They have zero or near zero ODP and GWP. Therefore they are long-
term alternatives to the CFCs. On the other hand natural refrigerants are flammable or toxic. 
Therefore the use of these refrigerants requires specific safety systems. 
Examples of natural refrigerants are carbon dioxide (CO2 ), hydrocarbons, ammonia (NH3 ), air 
and water. Nowadays there are some research studies for improving their use in Vapor 
Compression Heat Pump Systems. 
 The selection of Refrigerants for a heat pump system must be done taking into account both the 
heat pump application parameters and the exposed refrigerants requirements. 
 
2.6    Heat Pumps  Old  Refrigerants Replacement   
Systematic screening approaches have been conducted to select potential refrigerant mixtures to 
substitute R22. Vineyard et al. (1989) applied two selecting criteria , hard criteria and soft 
criteria  to more than 200 pure compounds that would make up the components of zeotropic 
mixtures. Hard criteria (toxicity, instability and ozone-depletion potential or ODP) were used to 
eliminate a refrigerant from consideration. 
Soft criteria (flammability, boiling point and commercial availability) were also used to 
eliminate a refrigerant but only as a flexible criteria. After applying these two criteria, the 
following seven refrigerants remained: R125, R22, R218, R134a, R124, R124a and C318. By 
relaxing the flammability criteria, five more refrigerants were added: R32, R143a, R152a, R142b 
and R143. 
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           Figure 2.6.1 Systematization of  refrigerant  properties (Radermacher,2005) 
Figure 2.6.1 shows methane- and ethane-based refrigerants arranged according to molecular 
structure. Pure compounds with potential as R22 alternatives are shown in Table 2.6.1. These six 
methane- and ethane-based refrigerants having zero ozone depletion potential (ODP) are listed 
and evaluated based on similar boiling points, flammability and being environmentally benign. 
               Table 2.6.1   Characteristics of Potential Pure Component. (Radermacher,2005) 
Refrigerant Characteristics Normal Boiling Point 
[°C]
R22 Base fluid –40.8
R23 Critical temperature is too low –82.0
R32 Flammable, too high volumetric capacity –51.7
R125 High DGWP, low theoretical efficiency –48.1
R143a Flammable, high  DGWP –47.2
R134a Low volumetric capacity –26.1
R152a Flammable –24.0
                                         DGWP = direct global warming potential. 
Unfortunately, none of the above refrigerants satisfies all these requirements. Thus, the mixing of 
these refrigerants was suggested to obtain the desired properties. 
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In 1991, the Air-conditioning and Refrigeration Institute (ARI) started the Alternative 
Refrigerants Evaluation Program (AREP) to find and evaluate promising alternatives to the 
refrigerants R22 and R502 for products such as unitary air conditioners, heat pumps, chillers, 
refrigeration equipment and ice-making machines (Godwin, 1993). 
This test program involved researchers worldwide and shared experimental results. AREP 
investigated 16 refrigerants for R22 replacements and six refrigerants for R502 replacements, as 
shown in Tables 2.6.2 and 2.5.3 Though no single alternative refrigerant is chosen as a universal 
replacement to R22, experimental results for some interesting refrigerants show a similar cooling 
and heating performance as R22 , as shown in Table 2.6.4 . 
After years of research, three potential refrigerant mixture candidates for R22 replacements have 
emerged: R134a, R407C and R410A. R134a has a lower vapor pressure than R22 and results in a 
lower volumetric capacity.  
R407C has a vapor pressure similar to R22 and performs within a 6% variation. R410A has a 
50% higher vapor pressure and has shown better performance within 10% variation compared to 
R22. In terms of vapor pressure, R407C appears to be an “easy-to -implement” substitute 
whereas R410A appears to be a “difficult-to-implement” substitute requiring major system 
redesign. R410A seems to be the leading long-term candidate for the new residential and light 
commerce equipment (Chin and Spatz, 1999). 
By using the Mark V. DOE/ORNL heat pump model, Chin and Spatz (1999)  also noted that the 
performance of R410A is higher than R22 only when the ambient  temperature is lower than 
35°C due to the compressor efficiency degradation at the  higher ambient temperature, as shown 
on Figures 2.6.2 and  2.6.3 . 
                 Table 2.6.2     R22 Alternative Refrigerants Investigated by (AREP,2001)  
            Type                                                    Refrigerant 
Pure refrigerant R134a  R290  R717 
Binary mixture 
 
 
R32/R125    (60/40; 50/50 wt.%) 
R32/R134a (20/80; 25/75; 30/70; 40/60 wt %) 
R125/R143a (45/55 wt. %) 
Ternary mixture R32/R125/R134a (10/70/20; 23/25/52; 24/16/60; 25/20/55; 30/10/60 wt%) 
Quaternary mixture R32/R125/R290/R134a (20/55/5/20 wt %) 
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                 Table 2.6.3    R502 Alternative Refrigerants Investigated by (AREP,2001)  
                        Type                                        Refrigerant 
Binary mixture                              R125/R143a (45/55; 50/50 wt. %) 
Ternary mixture                                    R32/R125/R143a (10/45/55 wt. %) 
                          R125/R143A/R134a (44/52/4 wt. %) 
                              
          Table 2.6.4    R22 Alternative Refrigerants Investigated by (AREP,2001) 
         Refrigerant                           Cooling 
Capacity 
Cooling 
Efficiency 
Heating 
Capacity 
Heating 
Efficiency 
R32/R125 (60/40 wt %) 
 –3 to +7% –10 to +5% –3 to +4% –3 to +1% 
R32/R125 (50/50 wt. %) 
 –2 to +5% +1 to +6% N/A N/A 
R32/R125/R134a (30/10/60  wt.%) 
 –5 to +5% –10 to +2% –4 to +5% –13 to 0% 
R32/R125/R134a (23/25/52 wt. %) 
 –7 to +1% –10 to –3% –2 to +2% –7 to +2% 
         
                     Figure 2.6.2   Ambient  temperature vs. Capacity (Chin and Spatz, 1999). 
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                Figure 2.6.3   Ambient  temperature vs COP (Chin and Spatz, 1999). 
 
2.7 Previous and Present Work 
Refrigerant Fluids were introduced for heat pump applications primarily to meet environmental 
concerns. However, the use of refrigerant mixtures was considered as early as the late 1800s and 
then again in the 1950s and thereafter to improve their capacity and energy efficiency. The use of 
mixtures was studied as alternatives of  hydrochlorofluorocarbons (HCFCs) after the inclusion of 
HCFCs as one of controlled substances in the Montreal Protocol in 1992. 
The available Literature survey to find new environmentally acceptable Alternative Refrigerant 
fluids for heat pump systems  is classified in a way shown below: 
(1)    Νο  experimental and simulated Data for our New fluids are available except two existing 
research papers for the mixture of  R227ea\R365mfc (35% mass, 65% mass) by Kabelac  et al  
2006, the work concentrated on the previous zeotropic mixture which proved to be long term 
solutions for heat pumps after thermo-physical and  thermal investigations at field test was 
constructed. 
(2)    Our new proposed fluids are: - Three Pure fluids (HFC&HC), Binary mixtures and 
Ternary mixtures (Blends) . 
   The New Ones must be investigated and simulated each one alone to satisfy environmental 
concerns, and thermodynamic requirements for Vapor Compression Heat Pump Systems.  
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CHAPTER    THREE 
3.  TOOLS   AND   METHODS 
 
3.1 The Reversed Carnot Cycle 
Carnot cycle is a totally reversible cycle that consists of two reversible isothermal and two 
isentropic processes. It has the maximum thermal efficiency for given temperature limits, and 
it serves as a standard against which actual power cycles can be compared. 
Since it is a reversible cycle, all four processes that comprise the Carnot cycle can be 
reversed. Reversing the cycle does also reverse the directions of any heat and work 
interactions. The result is a cycle that operates in the counterclockwise direction on a T-s 
diagram, which is called the reversed Carnot cycle. A refrigerator or heat pump that 
operates on the reversed Carnot cycle is called a Carnot refrigerator or a Carnot heat 
pump. 
Consider a reversed Carnot cycle executed within the saturation dome of a refrigerant, as 
shown in Figure 3.A. The refrigerant absorbs heat isothermally from a low-temperature 
source at TL in the amount of QL (process 1-2), is compressed isentropically to state 3 
(temperature rises to TH), rejects heat isothermally to a high-temperature sink at TH in the 
amount of QH (process 3-4), and expands isentropically to state 1 (temperature drops to TL). 
The refrigerant changes from a saturated vapor state to a saturated liquid state in the 
condenser during process 3-4. 
 
                 Figure 3.A Schematic of a Carnot refrigerator and T-s diagram of the reversed Carnot cycle. 
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The coefficients of performance of Carnot refrigerators and heat pumps are expressed in 
terms of temperatures as:- 
 
                                                                                                                                        (3.1.1) 
 
                                                                                                                                        
                                                                                                                                        (3.1.2) 
 
 
Many of the impracticalities associated with the reversed Carnot cycle can be eliminated by 
vaporizing the refrigerant completely before it is compressed and by replacing the turbine 
with a throttling device, such as an expansion valve or capillary tube. The cycle that results is 
called the ideal vapor-compression refrigeration cycle, and it is shown schematically and 
on a T-s diagram in Fig. 3-B. The vapor-compression refrigeration cycle is the most widely 
used cycle for refrigerators, air-conditioning systems, and heat pumps. It consists of four 
processes: 
1-2 Isentropic compression in a compressor. 
2-3 Constant-pressure heat rejection in a condenser. 
3-4 Throttling in an expansion device. 
4-1 Constant-pressure heat absorption in an evaporator. 
 
                   Figure 3.B Schematic of a Carnot refrigerator and T-s diagram of the reversed Carnot cycle 
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In   the   close   cycle   MVC   heat   pumps,   the   basic   heat   pump   has   the   next 
configuration :- 
 
 
          Figure 3-1-1: Basic heat pump configuration in close cycle MVC heat pumps. 
In this configuration the main components are the compressor, the evaporator, the condenser 
and the expansion valve. All of them are connected with pipes. Inside  the  pipes  and  
components flows  the  working  fluid.  In  a  close  cycle  MVC heat  pumps  it  is  a  refrigerant.  
This  refrigerant  is  alternatively  compressed  and expanded and goes from the liquid to the 
vapor state. 
The condenser and the evaporator are heat exchangers. In the evaporator heat is transferred  
from  the  heat  source  to  the  refrigerant.  In   the  condenser  heat  is transferred from the 
refrigerant to the heat sink (Figure 3-1-2). 
 
                              Figure 3-1-2: Basic heat pump components. 
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The basic thermodynamic cycle with which works this heat pump configuration is the one 
stage simple cycle , it is shown in the next Log P-h diagram. 
 
 
 
Figure 3-1-3: Log P-h diagram of a one stage heat pump simple cycle. 
This  thermodynamic cycle is defined by four states (points) and four thermodynamic 
processes (lines) as is shown in the figure 3-1-4.  
 
 
 
                 Figure 3-1-4: States and processes in a one stage heat pump simple cycle. 
 
The states refer to the refrigerant condition in a specific place: 
State 1:  Saturated or slightly superheated vapor. 
State 2:  Superheated vapor. 
State 3: Saturated or slightly sub-cooled liquid. 
State 4: Saturated liquid-vapor mixture. 
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⋅ 
⋅ 
⋅ 
The four thermodynamic processes are: 
Process 1-2: Compression. 
Process 2-3: Condensation. 
Process 3-4:  Expansion. 
Process 4-1: Evaporation. 
 
          Figure 3-1-5: States and processes in a one stage heat pump simple cycle. 
 
3.2   Heat Pumping   
     •      Process ‘1’ to ‘2’ : the compressor removes the gas produced in the evaporator (state ‘1’) and 
compresses it, delivering it to the condenser at a higher pressure and temperature (state ‘2’). The 
energy required for driving the compressor is called the power consumption (Win   kW). 
 
 •       Process ‘2’ to ‘3’ : in the condenser heat is transferred from the refrigerant to the  heat  
sink,  thus  the  heat  sink  increases  its  temperature.  The refrigerant changes its state from 
superheated vapor (state ‘2’) to saturated liquid (state ‘3’). The total capacity of heat transfer in 
the condenser is called the heating capacity   (Q C   kW). 
 
 •      Process ‘3’ to ‘4 ’: the expansion valve releases the pressure between the high- pressure 
condensation side(state ‘3’) and the low-pressure evaporation side (state ‘4’). 
 •    Process ‘4’ to ‘1’:  in the evaporator the refrigerant boils by absorbing energy from the heat 
source, which reduces its temperature. The refrigerant changes its  state  from  saturated  liquid-
vapor  mixture (state  ‘4’)  to  saturated  vapor (state ‘1’).The total capacity to absorb heat from the 
heat source is called the cooling capacity  (Q e   KW ). 
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Figure 3-2-1: Heat pump system with input and outputs. 
 
These three parameters, the cooling capacity, the heating capacity and the power 
consumption are three of the main parameters in a heat pump system. The other main 
parameters are: 
 
•       Condensing temperature: Tc [ºC]. 
•       Evaporation temperature: Te [ºC]. 
•       Heat sink temperature: heat sink T [ºC]. 
•       Heat source temperature: heat source T [ºC]. 
•       Refrigerant mass flow rate  kg / sec . 
 
 
The  heat  source  temperature  decreases  as  the  stream  passes  through  the evaporator. 
The heat sink temperature increases as the stream passes through the condenser.   The  
condensing   temperature   and   evaporation   temperature   are constant. The condensing 
temperature must be higher than the maximum reached heat sink temperature along the 
condenser. The evaporation temperature must be lower than the minimum heat sink 
temperature achieved along the evaporator (Figure 3-2-2). 
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                Figure 3-2-2: T-s diagram of a one stage heat pump simple cycle. 
 
To calculate all these parameters it is necessary to know or choose some of them, and then it 
is necessary to know how the processes are carried out. 
In a heat pump system, normally the chosen parameters are: 
 
•  The   heating capacity. 
•  The   condensing temperature. 
•  The   evaporation temperature. 
•  The heat  sink inlet and outlet temperature. 
•  The  heat source inlet and outlet temperature. 
 
If we consider an ideal basic thermodynamic cycle the processes are carried out taking into 
account the next assumptions: 
 
          Table 3.2.1 Basic Assumptions for an ideal basic thermodynamic cycle 
 Process  Component Assumption 
 Process ‘1’ to ‘2’  Compressor Isentropic process ( S1= S2 ) 
 Process ‘2’ to ‘3’  Condenser Isobaric process ( P2 = P3 ) 
 Process ‘3’ to ‘4’  Expansion valve Isenthalpic    ( h3 = h4 ) 
 Process ‘4’ to ‘1’  Evaporator Isobaric process ( P4  = P1)
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          Table 3.2.2 The Energy balance for each of the processes: 
Process  Component Energy balance 
Process ‘1’ to ‘2’  Compressor Win = mr. (h2  - h1 ) 
Process ‘2’ to ‘3’  Condenser Qc = mr. (h2  - h3 ) 
Process ‘3’ to ‘4’  Expansion valve     ( h3 = h4 ) 
Process ‘4’ to ‘1’  Evaporator Qe = mr. (h1  - h4 ) 
 
3.3   Heat Pump Components     
In a Vapor Compression  Heat pumps there are four essential components, they are:- 
•    The compressor. 
•    The condenser. 
•    The evaporator, and 
•    The expansion valve. 
 
3.3.1 The Compressor 
The function of a compressor is to remove the gas produced by the evaporator and  to deliver it 
at a required higher pressure (Figure 3-3-1). The compressor can be compared to a heart 
pumping the blood (the refrigerant) inside the body (close cycle MVC cycle). 
In  the  basic  compression   cycle,  the  compressor  is  positioned  between   the evaporator 
and the condenser.The  compressor  removes  the  gas  produced  in  the  evaporator.  It  must  
remove continuously  the  gas  to  maintain  the  same  pressure.  After  that,  the  compressor 
pumps  the  gas  from  the  evaporator  and  compresses  it,  delivering  it  to  the condenser 
at a higher pressure and temperature (‘1’ to ‘2’’). The energy required for the compression 
normally comes from electricity. 
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                 Figure 3-3-1A: Close cycle MVC heat pumps: compression process. 
 
The process ‘1’ to ‘2’’ symbolizes an ideal isentropic compression, in which there is no  heat  
exchange  with  the  surroundings.  However,  in  reality  there  are  always some  heat  losses  
from  compressor  and  also  some  dissipation  of  energy  due  to mechanical friction in the 
equipment and potential leakage in the compressor. 
The  difference  between  isentropic  and  present  compression  taking  into  account the 
dissipation of energy can be expressed by the isentropic compressor efficiency: 
 
                              ηis    =                                             (3.3.1) 
There are several types of compressors divided into to  types: 
(1)    Positive displacement compressors 
•   Screw compressors. 
•   Rotary compressors. 
•   Rolling piston compressors.         
•   Scroll compressors. 
(2)   Dynamic compressors 
•   Turbo compressors.                                  
The  working  principles  of  displacement  compressors  and  dynamic  compressors are  
similar  but  with  some  differences.  In  positive  displacement  compressors,  a certain 
volume of gas is captured in a space that is continuously reduced by the compressing  
device  (piston,  scroll,  screw  or  similar)  inside  the  compressor.  The reduction in volume 
increases the pressure of the vapour when the compressor is operating. The principle of 
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dynamic compressors, also called a turbo compressor, is different. Here, the gas is 
compressed by accelerating it with an impeller. The pressure is further increased in the 
diffuser, where the speed is transformed into pressure. 
 Turbo compressors are interesting for very large capacities, where the inlet flows may 
be approximately 2000 m3/h or more.  
Compressors can be also installed in either single or multistage configuration, and can  be  
connected  to  each  other  in  series  or  in  parallel.  Finally,  the  selection  of  compressor 
depends on the heat pump application and in the type of  refrigerant used. 
 
 
                         Fig 3-3-1 .B   Rotary Compressor Pump (ASHRAE, 1994 ) 
 
 
 
 
 
 
                             Fig 3-3-1.C    screw compressor (ASHRAE, 1994) 
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3.3.2 The  Condenser 
The function of the condenser is to transfer hot discharge gas from the compressor to a 
slightly subcooled liquid flow, by transferring heat from the refrigerant to the heat sink. 
The basic operation of condensers is divided into three parts: 
•  Desuperheating. 
•  Condensation. 
•   Sub-cooling. 
 
The  three  operations  can  be  carried  out  inside  the  condenser.  Alternatively,  the  
desuperheating  or  sub-cooling  operation  can  be  carried  out  in  a  separate  heat  xchanger. 
The heat rejection can be followed in a Log a P-h diagram. 
 
 
                  Figure 3-3-2A: Close cycle MVC heat pumps: condensation process. 
The first part of the condenser desuperheats the gas to the saturation temperature (‘1’ to  
‘2’).  This  cooling  represents  15-25%  of  the  total  heat  rejection.  It  is  one- phase  heat  
transfer  where  the  temperature  of  the  refrigerant  gas  decreases typically by 20-50 K,  
depending on the system and refrigerant.  
When the refrigerant reaches its saturation temperature, the latent heat is rejected. 
Normally  the  condensing  process  represents  the  majority  (70-80%)  of  the  total heat 
rejection (‘2’ to ‘3’). 
Finally, the fully condensed refrigerant (state ‘3’) is sub-cooled a few degrees (‘3’ to ‘4’) to 
ensure that pure liquid enters the expansion valve (state ‘4’). This is also one-phase heat 
transfer operation, representing approximately 2-5 % of the total heat rejection. 
The temperature of the refrigerant decreases during the desuperheating and sub- cooling  
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processes,  but  remains  constant  during  the  condensing  processes  (Figure 3-3-2B). 
 
                  Figure 3-3-2B: Temperature evolution along the condensation process. 
The energy rejected from the refrigerant heats the heat sink, whose temperature thus 
increases. 
The temperature of the heat sink can be increased to approach or even exceed the 
condensing temperature (6). A temperature increases results in a smaller flow on heat sink side 
for the same heat load. This reduces the required pump capacity. However, there is a minimum 
temperature difference that must be considered and avoided  for  stable  operation,  it  is  called  
the  pinch  temperature.  This  minimum occurs   at   the   beginning   of   the   condensation   
process   (in   a   counter-current condenser). Therefore, the temperatures of the two media in a 
heat exchanger may converge but never be equal. 
An example of temperature difference between condensing temperature and outlet heat sink 
maximum temperature (‘2’ to ‘6’) is 2 K. 
Another important effect in the condensers is the pressure drop. Pressure drop is created 
by the friction of the fluid, and is highly dependent on the fluid velocity. In a condenser,  the 
refrigerant  flow velocity is  reduced  as the refrigerant  condenses, because the liquid phase 
has a much smaller specific volume than the gas phase. Hence,  the  major  part  of  the  
pressure  drop  of  the  condenser  is  induced  in  the desuperheating operation, when the 
refrigerant is still gas. Reducing the pressure results in a decrease of the saturation 
temperature. But normally these effects are very limited. 
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3.3.3 The  Expansion  Valve 
The expansion valve is situated in the liquid line between the condenser and the inlet  of  
the  evaporator.  The  expansion  valve  releases  the  pressure  between  the high-pressure 
condensation side and the low-pressure evaporation side. 
The expansion valve has two purposes: 
 
1.   Maintaining the pressure  difference  between  the  condenser  (high  pressure) and the 
evaporator (low pressure): the pressure difference created by the work of the compressor is 
maintained by the expansion device. 
 
2.  Controlling the amount of refrigerant entering the evaporator: if the capacity of the 
evaporator  increases,  the  expansion  valve  should  allow  a  larger  flow  of refrigerant, 
and vice versa. 
 
Expansion valves do control directly the evaporation temperature.  Instead  it regulates  the  
superheating  by  adjusting  the  mass  flow  of  refrigerant  into  the evaporator, and 
maintains the pressure difference between the high pressure and the low pressure sides. 
The evaporation temperature depends on the capacity of the compressor and the 
characteristics and efficiency of the evaporator. 
 
There  are  numerous  types  of  expansion  valves,  depending  on  the  demand  for control 
and the type of evaporator, some of them are: 
 
• Thermal expansion valves. 
• Manual valves. 
• Capillary valves. 
• Automatic valves. 
• Electronic expansion valves. 
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3.3.4 The Evaporator 
In the evaporator, the refrigerant boils by absorbing energy from the heat source which 
reduces its temperature. The heat source may be a gas or  liquid, depending on the system. 
The evaporation process occurs as shown in the next Log p-h diagram. 
 
 
                                     Figure 3-3-4.A: Evaporation process. 
When  the  sub-cooled  liquid  refrigerant  at  high  pressure  (state  ‘1’)  is  expanded through   
the expansion valve, the   saturation temperature   decreases   (state   ‘2’).   The   mixture   of   
liquid   and   gas  from   the expansion   valve   enters  the   evaporator   and  starts  to   boil,   
because  heat   is transferred  from  the  heat  source  (‘2’  to  ‘3’).  The  evaporating  refrigerant  
absorbs energy from the heat source, whose temperature is reduced. After full evaporation, 
when  100%  of  the  refrigerant  has  become  saturated  vapor  (state  ‘3’),  the 
temperature  of  the  vapor  will  start  to  increase ,  the  vapor  becomes  then 
superheated. The refrigerant flow leaving the evaporator will be 100% superheated vapour  
(state  ‘4’).  The  temperature  change  along  the  evaporation  process  is shown in  
Figure 3-3-4.B .  
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                     Fig 3-3-4.B Temperature evolution along the evaporation process 
The  total  energy  absorbed  by  the  refrigerant  consists  of  the  latent  energy  of 
evaporation  (‘2’  to  ‘3’)  plus  the  sensible  energy  of  superheating  (‘3’  to  ‘4’).  The 
refrigerant  vapour  is  superheated  mainly  to  ensure  that  dry  gas  enters  the  
compressor (figure 3-3-4.B). 
The   evaporation   temperature   of   a   pure   refrigerant   remains   constant   and 
corresponds to a certain  pressure  level.  However, in  reality  the  evaporation 
temperature  is  never  constant  through the  evaporator.  Inside  an  evaporator,  the increased 
of velocity of the liquid-gas mixture will induce pressure drop, which thus reduces the 
saturation temperature. 
 
A good evaporator is able to provide a good, stable boiling process with a small 
temperature  difference  between  the  refrigerant  and  the  heat  source.  A  low 
temperature difference means that a higher evaporation temperature is possible, which 
corresponds to a higher pressure. Decreasing the pressure difference from the condensing 
pressure (high pressure) to the evaporation pressure (low pressure) will decrease the energy 
use in the compressor.  Lower  energy use will  increase the heating coefficient of 
performance ( COPhp ). 
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3.4 Simulation Models 
Based on an ideal vapor compression heat pump systems the main simulation models in this 
research are based on :-  
(1)Environmental   Comparison Models. 
(2)Thermodynamic Comparison Models. 
 
This section introduces various Simulation models for the vapor compression cycle; 
Simulation of the vapor compression cycle is important in determining the potential of 
alternative refrigerants and for designing the refrigerant cycle components and system 
appropriately according to the thermo physical characteristics of refrigerants since the 
experimental approach is too costly and time-consuming. 
 
 
3.5 Environmental   Comparison Models 
Stratospheric Ozone depletion and Global Warming threaten to become the dominant 
Environmental issues in selecting the environmentally benign refrigerant fluids. 
 
3.5.1   Global Warming Potential   (GWP)  
GWP is a simple and straightforward index to apply for policy makers to rank emissions of 
different greenhouse gases, The Intergovernmental Panel on Climate Change (IPCC) 
provides the generally accepted values for GWP, which changed slightly between 1996 and 
2001. An exact definition of how GWP is calculated is to be found in the IPCC's 2001 Third 
Assessment Report. The GWP is defined as the ratio of the time-integrated radiative forcing 
from the instantaneous release of 1 kg of a trace substance relative to that of 1 kg of a 
reference gas: 
                                             (3.5.1) 
 
where TH is the time horizon over which the calculation is considered; ax is the radiative 
efficiency due to a unit increase in atmospheric abundance of the substance (i.e., Wm-2 kg-1) 
and [x(t)] is the time-dependent decay in abundance of the substance following an 
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instantaneous release of it at time t=0. The denominator contains the corresponding quantities 
for the reference gas (i.e. CO2). The radiative efficiencies ax and ar are not necessarily 
constant over time. While the absorption of infrared radiation by many greenhouse gases 
varies linearly with their abundance, a few important ones display non-linear behaviour for 
current and likely future abundances (e.g., CO2, CH4, and N2O). For those gases, the relative 
radiative forcing will depend upon abundance and hence upon the future scenario adopted. 
3.5.2   Ozone Depletion Potential   (ODP) 
The ozone depletion potential (ODP) of a compound is a simple measure of  its ability to 
destroy stratospheric ozone. It is a relative measure: the ODP of CFC-11 is defined to be 1.0, 
and the ODP's of other compounds are calculated with respect to this reference point. 
More precisely, the ODP of a compound "X" is defined as the ratio of the total amount of 
ozone destroyed by a fixed amount of compound x to the amount of ozone destroyed by the 
same mass of CFC-11: 
ODP(x)   =                             (3.5.2) 
Thus the ODP of CFC-11 is 1.0 by definition. The right-hand side of  the equation is 
calculated by combining information from laboratory and field measurements with 
atmospheric chemistry and transport models. Since the ODP is a relative measure, it is fairly 
"robust", not overly sensitive to changes in the input data or to the details of the model 
calculations. That is, there are many uncertainties in calculating the numerator or the 
denominator of the expression, but most of these cancel out when the ratio is calculated. 
 
3.5.3  Flammability  
 The fluid should be non-flammable and non-explosive.   
3.5.4 Toxicity   
The fluid should be of zero or low toxicity. 
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⋅ 
3.6  Thermodynamic   Comparison Models 
    The main thermodynamic comparison models are :- 
3.6.1   Coefficient of Performance ( COP )  
In  a  heat  pump  the  coefficient  of  performance (COP)  is  defined  as  the  ratio  of  heat 
delivered by the heat  pump per  unit  of  time and the energy supplied per  unit  of time to 
drive the heat pump. COP   Consider as a main parameter for comparison the effect of the  
different refrigerant fluids on the heat pumps systems . 
 
                                                                                                                                        (3.6.1) 
                                                                                                                                        (3.6.2) 
 
Both COPR and COPHP can be larger than 1.  Under the same operating conditions, the COPs 
are related by :- 
                                                                                                                                        (3.6.3) 
Refrigerators, air conditioners, and heat pumps are rated with a SEER number or seasonal 
adjusted energy efficiency ratio.  The SEER is defined as the Btu/hr of heat transferred per 
watt of work energy input. An EER of 10 yields a COP of 2.9. Refrigeration systems are also 
rated in terms of tons of refrigeration.  One ton of refrigeration is equivalent to 12,000 Btu/hr 
or 211 kJ/min . 
3.6.2    Heating capacity  
It  is  the  capacity  of  transfer  heat  or  the  heat  transfer  per  unit  of  time  in  the condenser 
from the refrigerant to the heat sink.  
Qc = mr  *                                                                                    (3.6.4) 
3.6.3  Cooling capacity  
It  is  the  capacity  of  transfer  heat  or  the  heat  transfer  per  unit  of  time  in  the evaporator 
from the heat source to the refrigerant.   
                        
       Qv = mr  *                                                                                    (3.6.5) 
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3.6.4 Vapor Pressure                           
Vapor pressure in relation to temperature is of greater importance in the choice of refrigerant. 
So that air cannot leak into the refrigeration system, the vapor pressure of the refrigerant at 
the evaporator temperature should be greater than atmospheric pressure. On the other hand, 
the vapor pressure at the condenser temperature should not be unduly high, because of the 
initial cost and operating expense of high-pressure equipment. This requirement limits the 
choice of refrigerant to relatively few fluids.  Other Thermodynamic Comparison Models 
are:- 
 
 3.6.5 Power consumption 
  It is the power needed to drive the heat pump.  
 
3.6.6 Evaporation Temperature 
It is the temperature at which the refrigerant is evaporated in the evaporator. This 
temperature must be higher than the heat sink temperature. As for the condensing 
temperature,  the  minimum  difference  between  the  evaporation  temperature  and the  heat  
sink  temperature  depends  on  some  factors:  the  type  of  heat  sink,  the thermodynamic  
properties  of  the  refrigerant  and  the  type  and  design  of  the evaporator. 
 
3.6.7 Critical Temperature Tc  
If the operating temperature is above the critical temperature, it is impossible to condense the 
gas by compressing it to high pressures. 
 
3.6.8  Molecular Weight  
The high molecular weight gives high specific volumes for the vapor ,which is preferred for 
centrifugal compressors ,whereas for reciprocating compressors a low molecular weight for 
the refrigerant is advantageous . 
 
3.7 Simulation Models Calculations    
There are two methods to achieve the simulation models calculations:- 
(1) Equations of State (EOS), using the experimental data. 
(2) Computer Simulation, using Software Packages (EES&REFPROP). 
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3.8   Equations of State ( EOS )   
The large set of equations needed to model the heat pump cycle call for an iterative computer 
aided solution which makes tabular data quite easy. So before thermodynamically modeling 
and analyzing the heat pump cycle, the properties of the cycle’s working fluids are modeled 
with an equation of state EOS.  
An EOS is the representation of pressure (or compressibility factor) as a function of 
temperature and volume. EOS serve three primary objectives:- 
 
i) Representation of PVT data for data smoothing and interpolation, and for differentiation 
and integration of PVT data for calculation of derived thermodynamic properties. 
ii) Prediction of fluid phase properties of pure fluids and their mixtures from a minimum of 
experimental data. 
iii) Prediction of vapor-liquid equilibrium of mixtures, especially at high pressures. 
All cubic EOS can be expressed in a generalized form by the following four constant 
equation of state :- 
              P =                         (3.5.1) 
When the  Parameters  u and w are assigned certain values, the previous equation is reduced 
to a specific equation of state , the relationship between u and w for a number of cubic 
equations of state  are given below : 
                                                        Table 3.5.1 EOS Models 
Type of EOS u w 
Van der Waals 0 0 
Redlich-Kowng 1 0 
Soave- Redlich-Kowng 1 0 
Peng-Robinson 2 -1 
Heyen 1-w f(w,b) 
Kubic f(w) u2/4 
Patel-Teja 1-w f(w) 
Schmidt-Wenzel 1-w f(w) 
Yu-Lu f(w) u-3 
                In all cases, the two constants a & b are set by the critical point constraints. 
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When combined with appropriate thermodynamic relationships, an EOS can predict  
isothermal changes in latent heats of vaporization, activity coefficients and vapor-liquid 
equilibria (VLE), with good accuracy. EOS also provide a comprehensive technique for 
describing thermophysical properties such as density, compressibility factor, internal energy, 
Helmoltz Free Energy, equilibrium ratios, entropy, enthalpy, fugacity, isothermal 
compressibility, Joule-Thompson coefficient, volume expansion, surface tension, speed of 
sound, specific heat at constant volume, specific heat at constant pressure and Gibbs Free 
Energy. Neither the experimental data nor the EOS Parameters are available to make such 
calculations, Thus, it is well recommended to use Computer Simulations. 
3.9   Simulation Packages 
Self-learning methodologies combined with an excellent computer development simulations 
program have been used. This means that the global point of view of heat pumps working 
system has been studied firstly, then the new working fluids behavior has been applied  and 
compared  as a major objective of this research taking into account the main simulation 
models . Some more accurate computers are used :- 
 
(1)  EES     (Engineering Equation Solver version 8.158 (07/02/08)). 
(2) REFPROP (Reference Fluids Thermodynamics and Transport Properties Data Base                          
version 7(2007).   
 
3.9.1   EES (Engineering Equation Solver version 8.158  
EES (pronounced ’ease’) is an acronym for Engineering Equation Solver. The basic function 
provided by EES is the solution of a set of algebraic equations. EES can also solve 
differential equations, equations with complex variables, do optimization, provide linear and 
non-linear regression and generate publication-quality plots.  
There are two major differences between EES and existing numerical equation-solving 
programs.  
Firstly , EES automatically identifies and groups equations which must be solved 
simultaneously. This feature simplifies the process for the user and ensures that the solver 
will always operate at optimum efficiency.  
Secondly, EES provides many built-in mathematical and thermo-physical property functions 
useful for engineering calculations. For example, the steam tables are implemented such that 
any thermodynamic property can be obtained from a built-in function call in terms of any two 
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other properties. Similar capability is provided for most organic refrigerants (including some 
of the new blends), ammonia, methane, carbon dioxide and many other fluids. Air tables are 
built-in, as are psychrometric functions and JANAF table data for many common gases. 
Transport properties are also provided for most of these substances. The library of  
mathematical and thermo-physical property functions in EES is extensive, but 
it is not possible to anticipate every user’s need. EES allows the user to enter his or her own 
Functional relationships in three ways. First, a facility for entering and interpolating tabular 
data is provided so that tabular data can be directly used in the solution of the equation set. 
Second, the EES language supports user-written functions and procedure similar to those in 
Pascal and  FORTRAN.  
EES also provides support for user-written modules, which are self-contained EES programs 
that can be accessed by other EES programs. The functions, procedures, and modules can be 
saved as library files which are automatically read in when EES is started. Third, compiled 
functions and procedures, written in a high-level language such as Pascal, C or FORTRAN, 
can be dynamically-linked into EES using the dynamic link library capability incorporated 
into the program operating system. These three methods of adding functional relationships 
provide very powerful means of extending the capabilities of EES. 
 
 
                              Figure 3.9.1   EES  Function  Information  Window 
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                         Figure 3.9.2   EES  Menu Commands  Window 
 
3.9.2 REFPROP (Reference Fluids Thermodynamics and Transport 
Properties Data Base version 7  
REFPROP is an acronym for Reference Fluid Properties. This program, developed by the 
National Institute of Standards and Technology (NIST), USA, provides tables and plots of the 
thermodynamic and transport properties of industrially important fluids and their mixtures 
with an emphasis on refrigerants and hydrocarbons, especially natural gas systems. 
 
REFPROP is based on the most accurate pure fluid and mixture models currently available. It 
implements three models for the thermodynamic properties of pure fluids: equations of state 
explicit in Helmholtz energy, the modified Benedict-Webb-Rubin equation of state, and an 
extended corresponding states (ECS) model.  
Mixture calculations employ a model that applies mixing rules to the Helmholtz energy of the 
mixture components; it uses a departure function to account for the departure from ideal 
mixing. Viscosity and thermal conductivity are modeled with either fluid-specific 
correlations, an ECS method, or in some cases the friction theory method. 
These models are implemented in a suite of FORTRAN subroutines. They are written in a 
structured format,are internally documented with extensive comments, and have been tested 
on a variety of compilers. Routines are provided to calculate thermodynamic and transport 
properties at a given (T,ρ,x) state. Iterative routines provide saturation properties for a 
specified (T,x) or (P,x) state. Flash calculations describe single- or two-phase states given a 
wide variety of input combinations [(P,h,x), (P,T,x), etc]. 
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The NIST REFPROP program is designed to provide the most accurate thermophysical 
properties currently available for pure fluids and their mixtures. The present version is 
limited to vapor-liquid equilibrium (VLE) only and does not address liquid-liquid equilibrium 
(LLE), vapor-liquid-liquid equilibrium (VLLE) or other complex forms of phase equilibrium. 
 
 
                                     Fig 3.9.2   REFPROP  Property Window 
REFPROP   includes 84 pure fluids, 5 pseudo-pure fluids (such as air) and mixtures with 
up to 20 components: 
• The typical natural gas constituents methane, ethane, propane, butane, isobutane, pentane, 
isopentane, hexane, isohexane, heptane, octane, nonane, decane, dodecane, carbon 
dioxide, carbon monoxide, hydrogen, nitrogen, and water . 
• The hydrocarbons acetone, benzene, butene, cis-butene, cyclohexane, cyclopropane, 
ethylene, isobutene, neopentane, propyne, trans-butene, and toluene . 
• The HFCs R23, R32, R41, R125, R134a, R143a, R152a, R227ea, R236ea, R236fa, 
R245ca, R245fa, and R365mfc . 
• The HCFCs R21, R22, R123, R124, R141b, and R142b. 
• The traditional CFCs R11, R12, R13, R113, R114, and R115. 
• The fluorocarbons R14, R116, R218, C4F10, C5F12, and RC318. 
• The "natural" refrigerants ammonia, carbon dioxide, propane, isobutane, and propylene 
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• The main air constituents nitrogen, oxygen, and argon 
• The noble elements helium, argon, neon, krypton, and xenon 
• Water (as a pure fluid, or mixed with ammonia) 
• Miscellaneous substances including carbonyl sulfide, diethyl ether, ethanol, heavy water, 
hydrogen sulfide, methanol, nitrous oxide, sulfur hexafluoride, sulfur dioxide, and 
trifluoroiodomethane . 
• 55 predefined mixtures (such as R407C, R410A, and air); the user may define and store 
others . 
The program uses the most accurate equations of state and models currently available: 
• High accuracy Helmholtz energy equations of state, including international standard 
equations for water, R134a, R32, and R143a and equations from the literature for ethane, 
propane, R125, ammonia, carbon dioxide, and others . 
• High accuracy Patel – Teja, MBWR equations of state, including the international 
standard EOS for R123. 
• The Bender equation of state for several of the "older" refrigerants, including R14, R114, 
and RC318. 
• An excess Helmholtz energy model for mixture properties 
• Experimentally based values of the mixture parameters are available for hundreds of 
mixtures . 
• Viscosity and thermal conductivity are based on fluid-specific correlations (where 
available), a modification of the extended corresponding states model, or the friction 
theory model.    
Available properties: 
Temperature, Pressure, Density, Energy, Enthalpy, Entropy, Cv, Cp, Sound Speed,  
Compressibility Factor, Joule Thompson Coefficient, Quality, , Helmholtz Energy, Gibbs 
Energy, Heat of Vaporization, Fugacity, Fugacity Coefficient, K value, Molar Mass, Thermal 
Conductivity, Viscosity, Kinematic Viscosity, Thermal Diffusivity, Prandtl Number, Surface 
Tension,  Volume Expansivity, Isentropic Coefficient, Adiabatic Compressibility, Specific 
Heat Input,  User preferences and entire sessions may be stored for later use. 
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3.10   Working Fluids 
                                Table 3.10.1 The Phase-out Fluids ( Reference Fluids) 
Refrigerant  Type Name 
       R12  CFC Dichlorodifluoromethane    CCl2 F2 
    
      R22  HCFC Chlorodifluoromethane  CHClF2 
    
      R114  CFC 2-dichloro-1,1,2,2-tetrafluoroethane 
 
                             Table 3.10.2 The Alternative Fluids (New Working Fluids) 
Refrigerant  Type               Name 
R227ea  HFC 1,1,1,2,3,3,3  Heptafluoropropane , C3HF7 
    
R245 fa  HFC 1,1,1,3,3-Pentafluoropropane , C3H3F5 
 
R600  HC n-Butane , C4 H10 
   
R407C  Blend Ternary Mixture Consists of 23% R32 
(Difluoromethane) , 25% of R125 (Pentafluoroethane) 
and  52% R134a (1,1,1,2-Tetrafluoroethane). 
    
R410A  Blend   Binary Mixture Consists of R32 (Difluoromethane 
50% weight), R125 (Pentafluoroethane 50% weight) . 
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3.11 Working Conditions 
Before starting with the comparison, the ideal one stage simple cycle is used and the selected 
input data  and working conditions are tabulated . 
                                 Table 3.11:  Working Conditions for heat pump cycle  
         Input Data Range 
Evaporator  Temperature Te   [ºC] 20-100 
Condenser Temperature Tc   [ºC] 40-100 
Heating capacity Qc  [W] 1000-20000 
Isentropic Efficiency [-] 0.0 - 0.80 
Ideal compressor is isentropic S2=S1 
Quality at evaporator outlet (saturated vapor) X=1 
Valve is isenthalpic H3=H4 
 
                                                   Figure 3.11 Heat Pump Cycle 
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CHAPTER   FOUR 
4.    RESULTS AND DISCUSSION 
The results of comparing different refrigerant fluids are presented, calculation is done by an 
advanced engineering programs as mentioned in the previous chapters, focusing on different 
simulation models (Environmental Models and Thermodynamic Models) to initiate the 
comparative study with high quality data and results. 
4.1 Environmental  Comparison Models 
Table 4-1.1: ODP and GWP for the New Fluids 
 
Refrigerant 
             
       ODP    
(Ozone 
Depletion 
Potential ) 
[IPCC] 
 
 
 
 
 
 
     
   GWP 
(Global        
Warming 
Potential ) 
[IPCC] 
 
Flammability 
[ASHRAE] 
 
Toxicity  
[ASHRAE] 
R22 0.60  5160  low low 
       
R12 1.00  11000  low high 
R114 0.740  4600  very low low 
R227ea 0.00  4300  none very low 
       
R245fa 0.00  2000  very low very low 
R600 0.00  2000  low low 
       
R407C 0.00  438  none none 
R410A 0.00  275  none none 
 
Stratospheric ozone depletion and global warming threaten to become the dominant 
environmental issues. Chlorofluorocarbons (CFCs) and other ozone-depleting substances 
that leak from refrigeration units . Current ozone depletion at mid-latitudes is estimated at 
approximately 5%. Ozone depletion harms living creatures on Earth, increases the incidence 
of skin cancer and cataracts and poses risks to the human immune system. A sustained 1% 
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decrease in stratospheric ozone will result in approximately a 2% increase in the incidence of 
fatal non-melanoma skin cancer based on a United Nations Environment Program study. 
The U.S. Environmental Protection Agency (EPA) expects 295 million fewer cases of non-
melanoma skin cancer over the next century with a successful phase-out of CFCs. 
The Intergovernmental Panel on Climate Change (IPCC) reported that the biosphere has 
already warmed about 0.6°C over the last century and the temperature will increase another  
1.1 to 3.6°C in the next century due to a discernible human influence on a global climate. 
 The temperature rise of this magnitude will change local and global climates, temperatures 
and precipitation patterns induce a sea level rise and alter the distribution of fresh water 
supplies. The impact on our health by global warming is likely to be significant.  
                     
Table 4-1.2 : International Protocols Phase out Date Comparisons [IPCC Report, 2001] 
Refrigerant Atmospheric 
Life Time 
(years) 
GWP
*(10^-3) 
ODP International 
Protocols     
Phase out  Date 
R22 11.90 5160 0.60 2012 (Montreal) 
R12 34.4 11000 1.00 2012(Montreal) 
R114 25 4600 0.740 2010(Montreal) 
R227ea 33 4300 0.00 - 
R245fa 7.2 2000 0.00 - 
R600 11.1 2000 0.00 2030(Kyoto) 
R407C 4.3 438 0.00 - 
R410A 5.2 275 0.00 - 
 
 
                             Figure 4.1 Refrigerant life time, ODP and GWP Comparisons  
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Refrigerant atmospheric life time defined as the average time for any refrigerant molecules to 
stay in the atmosphere before being removed by mixing into the ocean, or other processes. 
It is clearly seen that the new proposed fluids are Environmentally benign,have ODP equal to 
zero with the lower atmospheric life time and satisfy the Global Environmental Concerns, 
those factors played a dominant role in our selection criteria for the new Fluids. 
 4.2 Thermodynamic Comparison Models 
 
 4.2.1 Heating Coefficient of Performance:   COPhp [-]  
 
COP  VS Ambient Temperature
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                            Fig. 4-2-1: Ambient Temperature Vs COP 
It is possible to see that there is a big difference between the reached COP for some different 
refrigerants. The refrigerants with which a higher COP is reached are R245fa,R227ea and 
R600  .R245fa and R600 appears  to be a suitable alternative for R114 when the ambient 
temperature is lower than 50 0C, whereas R227ea appears to be a suitable substitute for R12 
when the ambient temperature is lower than 350C ,moreover R407C has shown a good 
performance compared  to R22 and appears to be the  appropriate substitute for R22 ,whereas 
R410A requiring major system redesign . 
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4.2.2 Refrigeration Capacity   [kW] 
 
4.2.2.1 Cooling Capacity [kW] 
                           
Cooling Capacity VS Ambient Temperature
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                           Figure. 4-2.2.1: Ambient Temperature Vs Cooling Capacity 
 
4.2.2.2 Heating Capacity [kW] 
Heating Capacity VS Ambient Temperature
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                           Fig. 4-2.2.2: Ambient Temperature Vs Heating Capacity 
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From the cooling and heating capacity data shown in figure 4.2.2.1 & 4.2.2.2, it is well 
recognized that the differences in the heating capacity for the different studied refrigerants at 
different ambient temperature conditions are the same differences as for the cooling capacity.  
In addition  the refrigerant R410A and R407C have the best heating and cooling capacity 
compared to R245fa which  have a poor capacity. 
The Simulation Results showed that R410A appears to be a suitable alternative for 
R22,R407C the suitable refrigerant to replace R12 ,moreover R227ea and R600 are the best 
refrigerants to replace R114 in case of heating and cooling capacity at low and high ambient 
temperature conditions . 
4.2.3 Vapor Pressure 
 
Evaporator Temperature  VS Vapor Pressure
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               Figure 4-2.3.1: Refrigerant Vapor Pressure at different Evaporator Temperature 
 
It is clearly seen that the Vapor Pressure at different evaporator temperature for all the 
refrigerants is greater than the atmospheric pressure. 123.70 Kpa is the lower vapor pressure 
Presented by the refrigerant R245fa at low ambient temperature 20 0C. 
The Vapor Pressure of the refrigerant at the evaporator temperature should be greater than 
atmospheric pressure 101.3 Kpa to avoid the refrigerant leaking to air. 
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              Figure 4-2.3.2: Refrigerant Vapor Pressure at different Ambient Temperature 
The Increase in Ambient Temperature for all the refrigerants results in increasing the Vapor 
Pressure(Evaporator Pressure ), The refrigerantsR600، R245fa and R114 presented a low 
vapor pressure at low ambient temperature,whereas R410A and R407C presented a higher 
vapor pressure at high ambient temperature.  
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Figure 4-2.3.3: COP VS Vapor Pressure 
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The vapor pressure is varied with COP  when the evaporator temperature is set to 55 0C and 
the condenser pressure is set to 1000Kpa. As seen in Figure 4-2.3.3, increasing the vapor 
pressure causes an increase in the COP for all the refrigerants and the cycle expectedly 
operates more efficiently.  
 
4.2.4 Power Consumption (Wc )  
                   
 
Figure 4.2.4: Power Consumption  Comparison 
 
 
It is clearly seen that the power consumption (energy required to drive the heat pump) for the 
pure refrigerant R600, ternary mixture R407C and  binary mixture R410A is very high. 
 For R245fa the power consumption is much lower than for R600, R407C and R410A, but a 
little higher than  R227ea . For all Refrigerants ,the higher is the power consumption the 
lower is the COP  for the cycle . 
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4.2.5   Critical Temperature: Tc [ºC] 
 
Fig 4-2.5: Critical temperature comparison 
 
It is clearly seen that the refrigerant with the worst critical temperature is the R410A and the 
refrigerants with good critical temperatures are R600, R245fa and R227ea. The critical 
temperature should be above the operating system temperature , if the operating temperature 
is above the critical temperature ,it is impossible to condense the gas by compressing it to 
high pressures. 
 
4.2.6   Molecular Weight   [kg/kmole]  
                         
 
Fig. 4-2.6: Molecular Weight comparison 
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It is clearly seen that R227ea with the old refrigerant R114 have the higher Molecular Weight      
in the other side, the binary and ternary mixture R410A and R407C with R600 have the lower 
Molecular Weight. 
The molecular weight of the refrigerant affects the compressor size because the specific 
volume of the vapor is directly related to it , moreover the high molecular weight gives high 
specific volumes for the vapor ,which is preferred for centrifugal compressors ,whereas for 
reciprocating compressors a low molecular weight for the refrigerant is advantageous. 
 
4. 3   Cost of Refrigerants Comparison  
   
 
Figure 4-3: Refrigerant Relative Cost Comparison (R22) [from DuPont Fluorochemicals] 
 
It is clearly seen , the refrigerants R227ea and R245fa have an acceptable relative cost 
compared to R22 ,instead R600,R407C and R410A which have a higher cost .The major cost 
of refrigerant increase as the safety measurements and  requirements increase  in the plant . 
Refrigerants manufacturers  are driven  by the possibility of meeting the present and future 
demands of legally required energy savings,Environmental impacts , safety issues  and 
equipment costs . 
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CHAPTER   FIVE 
5.   CONCLUSIONS AND RECOMMENDATIONS 
The proposed new environmentally benign Refrigerant  Fluids for Vapor Compression Heat 
Pump Systems  were  created and Simulated by an effective methodology using high reputation 
program(Engineering Equation Solver and  NIST REFPROP  Programs ) , achieved  the 
satisfactory performance of the heat pump cycle results at different conditions and models. 
A rigorous Comparative study including wide range of effective Parameters by divided the 
methodology criteria into two terms; Firstly The Environmental Comparison Models which  
include the main global Environmental issues Ozone Depletion Potential & Global Warming 
Potential  ,in addition to flammability and toxicity terms. 
Secondly The Thermodynamic Comparison Models which include Coefficient of Performance, 
Vapor Pressure Effects , Heating Capacity, Cooling Capacity ,Critical Temperature, Molecular 
Weight ,Power Consumption and Relative Cost , using the new proposed fluids R227ea, R245fa, 
R600,R410A and R407C  to prove their merits as a best  working alternative fluids for the 
Vapor Compression Heat Pump Systems. 
 
 5.1    Conclusions 
(1)   The selection criteria Strategy of proposing the new fluids was very effective and is 
derived     from the true relationship between the Global Environmental Concerns (GWP-ODP) 
and Operational Issues of the Vapor Compression Heat Pump Systems . The new proposed fluids 
are Environmentally benign, have ODP equal to zero with the lower atmospheric life time and 
satisfy the Global Environmental Concerns, those factors played a dominant role in any selection 
criteria for the future fluids . 
 
 (2)  It is well recognized that , the addition of R227ea to R245fa to perform a binary  mixtures , 
may  probably increase the efficiency of the heat pump cycles and will consider to be the future 
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working fluids ,but this requires more work for phase behavior modeling of refrigerant mixture 
at high temperatures and pressures . 
(3)  R245fa , R227ea and  R600 were successfully achieved the higher Coefficient of  
performance (COP) for heat pump systems at high ambient temperature conditions . 
 
(4)  R245fa and R600 appeared to be a suitable alternative for R114 when the ambient 
temperature is lower than 50 0C, whereas R227ea appeared to be a suitable substitute for R12 
when the ambient temperature is lower than 350C, moreover R407C has shown a good 
performance compared  to R22 and appears to be the  appropriate substitute for R22 ,instead 
R410A requiring major system redesign and modification . 
 
(5)  The refrigerant R410A and R407C had a best heating and cooling capacity compared to 
R245fa which had a poor capacity.    
 
(6)  The Vapor Pressure at different Evaporator and Ambient Temperature conditions , for all 
the refrigerants was greater than the atmospheric pressure. 123.70 Kpa was the lower vapor 
pressure presented by the refrigerant R245fa at low ambient temperature 20 0C. 
 
(7)  Increasing the evaporator pressure causes an increase in the COP for all the refrigerants used  
and the cycle expectedly operates more efficiently. R600, R227ea and R245fa successfully gave 
a higher COP also. 
 
(8)  It is well recognized from the results that, the new fluids R600, R245fa and R227ea had a 
good critical temperatures and this is well for the operating of the systems because if the 
operating temperature is above the critical temperature, it is impossible to condensate the gas by 
compressing it to high pressures. 
(9)  R227ea with the old refrigerant R114 had the higher Molecular Weight while the binary and 
ternary mixture R410A and R407C had the lower one, this result affects the compressor size 
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because the specific volume of the vapor is directly related to it, and thus R227ea require large 
size compressor rather than R410A and R407C which require the less one. 
 (10) The energy required to drive the heat pump  for R600, R407C and R410A was very high 
rather than R245fa and R227ea the energy required was much lower. It is recognized that the 
higher is the COP the lower is the power consumption (energy required to drive the heat pump). 
 
(11) The higher the isentropic efficiency in all cases resulted in the higher of the coefficient of 
performance for all the refrigerant used. 
 
 5.2   Recommendations for Future Work 
(1)    More work is required for phase behavior modeling of refrigerant  mixtures with high 
temperature heat pumps conditions, this could be a mixture of (R227ea &R600) or 
(R227ea&R365mfc) or (R227ea&R245ca) . 
 
(2)    More work in this area needs to be done in the future. Designers of heat pumps need more             
information on the Vapor Liquid Equilibrium Parameters, interaction parameters, thermo 
physical properties, heat transfer and pressure drop characteristics of the newer ozone-safe                        
refrigerants and refrigerant mixtures. 
(3)   EOS modeling and correlating with the experimental methods for refrigerant mixtures at 
high temperatures and pressures has not been done and needs to be studied.  
 
(4)   Phase behavior of the refrigerant mixtures is complex and requires some research to 
analyze and understand its distribution in the different phases ( zeotropes , azeotropes and near 
azeotrope ) . 
(5)  Computer Compositional Simulations should be done also using the EOS models to 
understand the complex behavior of the refrigerant mixture with the operation conditions field 
test. Until now neither the experimental data nor the EOS models were available to develop the 
new working fluids .  
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           Table A-1: Heating coefficient of performance & Ambient Temperature 
R22 R12 R114 R227ea R245fa R600 R410A R407CAmbient 
Temperature 
      [0C] 
COP COP COP COP COP COP COP COP 
10 6.90 8.66 13.53 10.13 15.18 12.96 5.56 6.859 
15 6.005 7.301 10.42 8.221 11.39 10.11 4.941 5.931 
25 4.768 5.559 7.117 5.909 7.61 7.039 4.019 4.611 
35 3.946 4.48 5.376 4.534 5.702 5.394 3.352 3.735 
40 3.627 4.076 4.776 4.028 5.059 4.824 3.075 3.393 
50 3.107 3.437 3.873 3.226 4.106 3.967 2.588 2.832 
55 2.89 3.177 3.523 2.898 3.741 3.634 2.357 2.593 
60 2.692 2.944 3.218 2.602 3.428 3.345 2.111 2.372 
                                 
 
 
 
                 Table A.2: Ambient Temperature Vs Cooling Capacity 
R22 R12 R114 R227ea R245fa R600 R410A R407CAmbient 
Temperature 
      [0C] 
Qev Qev Qev Qev Qev Qev Qev Qev 
10 10.36 7.479 3.10 5.396 2.297 3.508 13.39 9.391 
15 10.12 7.283 2.994 5.17 2.227 3.408 13.02 9.109 
25 9.619 6.873 2.775 4.697 2.083 3.199 12.22 8.504 
35 9.074 6.438 2.547 4.19 1.931 2.984 11.31 7.84 
40 8.784 6.21 2.429 3.922 1.853 2.872 10.80 7.481 
50 8.16 5.727 2.186 3.354 1.692 2.639 9.561 6.69 
55 7.822 5.47 2.061 3.051 1.609 2.521 8.768 6.247 
60 7.462 5.201 1.932 2.733 1.524 2.398 7.708 5.758 
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                    Table A.3: Ambient Temperature Vs Heating Capacity 
R22 R12 R114 R227ea R245fa R600 R410A R407CAmbient 
Temperature 
      [0C] 
Qc Qc Qc Qc Qc Qc Qc Qc 
10 12.12 8.456 3.347 5.987 2.459 3.802 16.33 10.98 
15 12.15 8.438 3.312 5.886 2.442 3.782 16.33 10.96 
25 12.17 8.38 3.229 5.653 2.398 3.728 16.27 10.86 
35 12.15 8.288 3.129 5.375 2.342 3.663 16.12 10.71 
40 12.13 8.228 3.073 5.217 2.31 3.623 16 10.61 
50 12.03 8.077 2.947 4.86 2.237 3.529 15.58 10.34 
55 11.96 7.983 2.877 4.658 2.196 3.478 15.23 10.17 
60 11.87 7.876 2.804 4.439 2.151 3.42 14.65 9.954 
 
 
 
               Table A.4: Refrigerant Vapor Pressure at different Evaporator Temperature  
R22 R12 R114 R227ea R245fa R600 R410A R407C Evaporator 
Temperature 
    [0C] 
Vapor 
Pressure* 
[Kpa] 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
20 910.30 566.80 180.90 378.60 123.70 208 1437.1 864.80 
30 1192.30 744.30 249.80 526.50 178.90 283.90 1875.7 1155.3 
40 1534.10 960 336.90 700.30 251.60 379.2 2409.7 1518.5 
50 1943.30 1218.50 445 914.50 345.20 496.6 - 1968 
60 2428.10 1524.90 576.90 1175 463.40 639.3 - 2518 
70 2977.70 1884.50 735.70 1488.6 609.80 810.2 - 3180.7 
 *Evaporator Pressure     
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             Table A.5: Refrigerant Vapor Pressure at different Ambient Temperature 
R22 R12 R114 R227ea R245fa R600 R410A R407C Ambient 
Temp. 
[0C] 
Vapor 
Pressure* 
[Kpa] 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
Vapor 
Pressure* 
[Kpa 
-10 246.30 170 52 110 30.50 - 358.40 227.60 
0 320.80 225.50 75.4 153 47.20 87.7 458.1 302.1 
10 405.90 290.20 105 204.60 69.60 120.3 570.50 388.2 
20 501.20 363.60 127.60 264.60 82.90 - 695.20 485.3 
30 606.20 422.80 127.60 278.40 82.90 - 832 593.1 
50 681 - - - - - 1080.7 634.70 
*Evaporator Pressure   
 
 
                               Table A.6: COP VS Vapor Pressure 
R22 R12 R114 R227ea R245fa R600 R410A R407CVapor 
Pressure* 
[Kpa] 
COP COP COP COP COP COP COP COP 
100 1.902 1.675 1.233 1.303 1.553 1.425 2.024 1.899 
200 2.891 2.595 2.136 2.247 2.557 2.327 3.071 2.899 
300 4.01 3.64 3.173 3.335 3.708 3.361 4.255 4.034 
400 5.416 4.955 4.48 4.71 5.159 4.667 5.742 5.459 
500 7.318 6.736 6.254 6.578 7.128 6.439 7.755 7.387 
600 10.11 9.357 8.866 9.33 10.03 9.049 10.71 10.22 
700 14.72 13.67 13.17 13.87 14.81 13.35 15.59 14.89 
800 23.87 22.25 21.72 22.89 24.30 21.90 25.27 24.17 
900 51.21 47.88 47.27 49.85 52.68 47.46 54.21 51.88 
*Evaporator Pressure 
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                         Table A.7: Power Consumption  Comparison 
Refrigerant Condenser Pressure 
                [KPa] 
    Wc    [KW] 
R22 1000 83.62 
R12 1000 58.44 
R114 1000 41.88 
R227ea 1000 38.26 
R245fa 1000 56.69 
R600 1000 127.30 
R407C 1000 82.14 
R410A 1000 94.01 
 
 
 
 
                                   Table A.8: Critical temperature comparison 
Refrigerant Tc   [ ºC ] 
R22 96.259 
R12 112.12 
R114 145.83 
R227ea 102.95 
R245fa 154.2 
R600 152 
R407C 87.3 
R410A 72.8 
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                                Table A.9: Molecular Weight comparison 
Refrigerant Mw      [  
R22 86.50 
R12 120.92 
R114 170.93 
R227ea 170 
R245fa 134 
R600 58.12 
R407C 86.20 
R410A 72.58 
 
 
 
           Table A.10: Relative Cost Comparison (R22) [from DuPont Fluorochemicals] 
Refrigerant Relative Refrigerant Cost  (to R22) 
R22 1.00 
R12 4.00 
R114 5.00 
R227ea 3.00 
R245fa 3.00 
R600 5.00 
R407C 4.00 
R410A 4.80 
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Figure A.1 Pressure Enthalpy diagram of R22 
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Figure A.2 Pressure Enthalpy diagram of R407C 
 
 
Figure A.3 Pressure Enthalpy diagram of R410A 
